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PREFACE 



I HAVE tried to give in this book an outline of the history 
of astronomy from the earliest historical times to the present 
day, and to present it in a form which shall be intelligible 
to a reader who has no special knowledge of cither astronomy 
or mathematics, and has only an ordinary educated person’s 
power of following scientific reasoning. 

In order to accomplish my object within the limits of 
one small volume it has been necessary to pay the strictest 
attention to compression; this has been effected to some 
extent by the omission of all but the scantiest treatment 
of several branches of the subject which would figure 
prominently in a book written on a different plan or on 
a different scale. I have deliberately abstained from giving 
any connected account of the astronomy of the Egyptians, 
Cbaldaeans, Chinese, and others to whom the early develop¬ 
ment of astronomy is usually attributed. On the one 
hand, it does not appear to me possible to form an in¬ 
dependent opinion on the subject without a first-hand 
knowledge of the documents and inscriptions from which 
our information is derived; and on the other, the various 
Oriental scholars who have this knowledge still differ so 
widely from one another in the interpretations that they 
give that it appears premature to embody their results in 
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the dogmatic form of a text-book. It hns. aJso seemed 
advisable to lighten the book by omitting—except in a. very 
Pew sqrapi* and important coses—all accoimla of astro¬ 
nomical Insirumenta; I do not remember ever to have 
derived any pleoEiire or profit from a written description 
of a scientific insttutnent before seeing the instrument 
itself, or one very simlLir to it, and I have abstained 
from attempting to give to my readers what I have never 
sacceeded in obtaining myscifi The aim of the book 
has also necessitated the omission of a number of im* 
portanl astronomical discoveries, which find their ngtura.1: 
expression in the technical language of tnathematics. I 
have on this account only been able to describe in the 
liricfest and most gcncml way the wonderful and bcautifnl 
superatrudure which several generations of mathematicians 
have erected on the foundations laid by Newton- For 
the same reason I haiic been competlcd occasionally 
to occupy a gCM^d deal of space in stating in ordinary 
English what m^ht have been expressed much more 
briedy,, as well as more clearly^ by an algebraical formula : 
for the benefit of such mathematicians as may happen to 
read the book I have added a few mathematical footnotes ; 
otherwise I hive tried to abstain scrupulously from the 
UK of any mathematics beyond simple arithmetic and a 
few technical terms which art explained in the text. A 
good deal of space has also been saved by the total 
omission of, or the brieftst possible reference to, a very 
large number of astronomical facts which do not bear on 
any well-established general theory; and for similar reasons 
I have generally abstained from noticing speculative 
theories which have not yet been established or refuted. 
In particular, for these and for other icasdns {stated more 
fully at the beginning of chapter xtiE.), I have dealt in the 
briefest possible way with the immense mass of observations 
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which modern astronomy has accumulated; it would, for 
example, have been easy to have hlled one or more volumes 
with an account of ob6er\'ations of sun-spots made during 
the last half-century, and of theories l>ased on them, but 
I have in fact only given a page or two to the subject 

I have given short biographical sketches of leading astro¬ 
nomers (other than living ones), whenever the material 
existed, and have attempted in this way to make their 
personalities and surroundings tolerably vivid; but I 
have tried to resist the temptation of filling up space 
with merely picturesque details having no real bearing on 
scientific progress. Tlte trial of Kepler's mother for witch¬ 
craft is probably quite as interesting as that of Galilei 
before the Inquisition, but I have entirely omitted the first 
and given a good deal of space to the second, because, 
while the former appeared to be chiefly of curious interest, 
the latter appeared to me to be not merely a striking inci¬ 
dent in the life of a great astronomer, but a port of the 
history of astronomical thought. I have also inserted a 
large number of dates, as they occupy very little space, and 
injjy found useful by some readers, while they can be 
ignored with great ease by others; to facilitate reference 
the dates of birth and death (when known) of every 
astronomer of note mentioned in the book (other than 
living ones) have licen put into the Index of Names. 

I have not scrupled to give a good deal of space to 
descriptions of such obsolete theories as appeared to me to 
form an integral part of astronomical progress. One of the 
reasons why the history of a science is worth studying is 
that it sheds light on the processes whereby a scientific 
theory is formed in order to account for certain (acts, 
and then undergoes successive modifications as new (acts 
are gradually brought to bear on it, and is perhaps 
finally abandoned when its discrepancies with (acts can 
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no loixger be explained or concealed. For example, no 
modem astronomer os such need be concerned with 
the Circek scheme of cpitoxlcs, but the history of its 
invention, of its gradual perfection as fresh observations 
were obtained, of its subsequent failure to stand more 
stringent tests, and of its final abandonment in favour of 
a more satisfitetory theory, is, I think, a valuable and 
interesting object-lesson in scientific method, I have at 
any rate written this book with that conviction, and have 
decided very largely from that point of view what to omit 
and what to include. 

The book makes no claim to be an original contribution 
to the subject; it is wntten largely from second-hand 
sources, of which, however, many are not very accessible to 
the general reader. Particulars of the authorities which 
have been used are given in an appendix. 

It remains gratefully to acknowledge the help that I have 
received in my work. Mr. W. W. Rouse Ball, Tutor of 
Trinity College, whose great knowledge of the history of 
mathematics—a subject very closely connected with astro¬ 
nomy—has made his criticisms of special value, has been 
kind enough to read the proofs, and has thereby saved me 
from so-cral errors; he has also given me valuable infor- 
madon with regard to portraits of astronomers. Miss H. 
M. Johnson has undertaken the laborious and tedious task 
of reading the whole book in manuscript as well as in 
proof, and of verifying the cross-rcfercnocs. Miss F. 
Hardcastle, of Girton College, has also read the proofs, 
and verified roost of the numerical calculations, as well as 
the cross-references. To both I am indebted for the 
detection of a large number of obscurities in expression, 
as well as of clerical and other errors and of mtsprinls. 
Miss Johnson has also saved me much time by making the 
Index of Names, and Miss Hardcastle has rendered me 
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a further service of great value by drawing a consider* 
able number of the diagrams. I am also indebted to 
Mr. C E. Inglis, of this College, for 6g 8i; and I have 
to thank Mr. W. H. Wesley, of the Royal Astronomical 
Society, for various references to the literature of the 
sdbjcct, and in particular for help in obtaining access to 
various illustrations. 

I am further indebted to" the following bodies and 
individual astronomers for permission to reproduce photo* 
graphs and drawings, and in some cases also for the gift 
of copies of the originals: the Council of the Royal S^ely, 
the Council of the Royal Astronomical Society, the Director 
of the Lick Obsersalor)', the Director of the Insliiuto 
Gebgmphico-Miliurc of Horencc, Professor Barnard, 
Major Darwin, Dr. Dill, M- Janssen, M. Loewy, Mr. E. 
W. Maunder, Mr. H. Pain, Professor E. C. Pickering, 
Dr Schuster, Dr. Max Wolf. 


Kiiko’s CoLtacK, Cajimiocx, 
StfiUmbtr 1898. 


ARTHUR BERRY. 
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A SHORT HISTORY OF ASTRONOMY. 


CHAFfEtt I, 

PRIMtriV^ A^RONOMV.^ 

"The !Sun, the Moon rnietlj noimd. 

And *11 those Sla.rs with which Ihc brow* of miiple benven are 
eraw'oed, 

Orioiii all the Plciulei^ and tboto leveo Atlu £otp 

The clOBie beamed Kyad», the Bear, inmam'd the Chariot, 

That turn* about heaveu'a aaTe tree, hold* ope a constaot eye 
Upon Orton, and of all the crcucta in the akjr 

pjldcn forehead never bowa to Ih' Oeean empery."' 

TVlr /AW (Chapman'* traixalaikm), 

I. Asniojtoaiv it the science which treats of the sun^ the 
moon^ the stars, and other objects such as comets which are 
seen in the sky. It deals to some extent also with the earthy 
but only in so far as it has properties in common with the 
heayenly bodies. In early times astronomy was concerned 
almost entirely with the observed motions of the heavenly 
bodies. At a later stage astronomers were able to discover 
the distances and si^fes of many of the heavenly bodies, 
and to wetglx some of them; and mote recently they have 
acquired a considerable amount of knowledge as to their 
nature and the material of which they are made. 

r. We know nothing of the beginnings of astronomy, 
and can only conjeflure how certain of the simpler facts 
of the science^paiticutaTly those with a direct influence on 
human life and comfort—gradually became Cuniliar to early 
mankind, very much os they are fliiniliar to modern savages. 
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With these fads iL is convenient ta begin, taking them in 
the order in which they most readily present themselves to 
any ordinary^ obsen'er. 

3 . The sun is daily seen to rise m the eastern part of 
the sky, to travel across the sky, to reach its highest {K>sttion 
in the south in the middle of the day, then to sink, and 
finally to set in the western |Mrt of the sky. But its daily 
path across the sky is not always the aamet the points of 
the hoHfon at which it rises and set% its height in the sky 
at midday, and the time &om sunrise to sunsett alt go 
through a series of changes, which are accompanied by 
changes in the weather, in vegetation, etc.; and w'C are 
thus able to recognise the existence of the seasons, and 
their recurrence after a certain interval of time which is 
known as a year. 

4 . But while die sun always appears as a bright circular 
disc, the next meet conspicuous of the heavenly bodies, the 
moon, undergoes changes of form which readily strike the 
observer, and are at once seen to lake place in a regular order 
and at about the same intervals; of time. A little more carc^ 
however, is necessary in order to observe the connection 
between the form of the moon and her position in the sky 
with respect to the sun. Thus when the moon is first 
visible scon after sunset near the place where the sun has set, 
her form is a thin crescent [cf. fig. 11 on p. 31 ), the hollow 
side being turned away from the sun, and she sets soon 
after the sun. Next night the moon is farther from the 
sun, the crescent is thicker, and she sets later; and soon, 
until after rather less than a week from the first appearance 
of the crescent, she appears as a semicircular disc, with 
the flat side turned awrty from the sun. The semicircle 
enlarges, and after another w'eek has grown into a complete 
disc; the moon is now nearly in the oppyosite direction to 
the suti, and therefore rises a^ut at sunset and sets about 
at sunrise. She then begins to approach the sun on the 
other side, rising ^fore it and setting in the daytime; 
her size again diminishes, until after another week she is 
again semicircular, the fiat side being still turned away 
Irom the sun, but being now turned towards the west 
instead of towards tl^ ©ist. The semicircle then becomes 
a gradually diminishing crescent, and Utc time of rising 
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approadica the time of sunHsc, until the moon bccomciB 
altogelhor invisible. After two or three nFghis the new 
moon reappearri, and the whole series of changes la repeated. 
The diJTercnt forms thus assumed bj? the tnoon are now 
known as hej phaaes; the time occupied by this series of 
changes, the month, would naturally suggest itself as a con¬ 
venient measure of time; and the day, month, and year 
would thus form die basis of a rough system of Lime- 
measure ment- 

5 . Trom a few observatLons of the stars it could also 
clearly Ijc seen that they loo, like the sun and moon, 
changed their positions in the sky, those towards the east 
being seen to nse, and those towards the west to sink and 
finally set, white others moved across the sVy from east to 
west, and those in a oemin northern part of the sky, though 
also in motion, were never seen either to rise or set. Although 
anything like a complete classification of the stars belongs 
to a more advanced stage of the subject, a few star groups 
could easily be recognised, and their position in the sky 
could be used as a rough means of measuring p'me at night, 
just os the position of the sun to indicate the time of day. 

6 . To these rudimentary notions important additions 
were made when rather more careful and prolonged obser¬ 
vations became possible, and some little thought was 
devoted to their interpreiatioru 

Several peoples who reached a high stage of civilisation 
at an early period claim to have made important progress 
in astronomy. Greek traditiDns assign considerable astro¬ 
nomical knowledge to Eg)^ian priests who lived some 
thousands of years and some of the pcoiliatiiies of 
the pyramids which were built at some such period are at 
any rate plausibly interpreted as evidence of pretty accurate 
astronomical oljservatjons; Chinese records describe observa¬ 
tions supposed to have b«n made in the 35 th century a-c.; 
some of the Indian sacred bool^ refer to astronomical 
knowledge acquired several centuries before this time ; and 
the first obsermtions of the Chaldaean priests'of Babylon 
have been attributed to times not much later. 

On the other hand, the earliest recotded astronomical 
obseni'ation the authenticity of which may lx accepted 
without scruple belongs only to the Sth century B.C. 
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For iHe purposes of this book it is not worth while to 
make any attempt to disentangle from the mass of doubtful 
trad ition and conjectural interpretation of i nscnptionSt bear- 
ing on this early astronomy, the few (acts which lie embedded 
therein ' and we may proceed at once to ipve some account 
of the rusEronomicil knowledge, other than that already dealt 
withj which is discovered in the possession of the earliest 
really historical astronomers—^the Greeks—at the Ireginning 
of their scientihe hisioryT leaving it an open question whM 
portions of it were derived from Egyptians, Chaldaeans^ their 
Own ancestors, or other sources. 

7 . If an observer looks at the stars on any clear night 
he sees an appaiently innumerable • host of them^ which 
seem to lie on a portion of a spherical surface, of which he 
is the centre- This spherical surface is commonly spoken 
of as the sky, and is known to astrononiy as the celestial 
sphere- The visible part of this sphere is bounded by the 
earth, so that only half c^n be seen at onM j but only the 
slightest clTort of the imagination is required to think of 
the other half os lying below the earth, and containing other 
Stars, as well as the snn. This sphere appears to ^e 
observer to be very large, though he is incapable of forming 
any precise estimate of its sue- f 

Most of us at the present day have been taught in child¬ 
hood that the stars arc at different distances, and that this 
sphere has in const 2 qucnce no real existence- The early 
peoples had no knowledge of this, and for them the celestial 
sphere really existed, and was often thought to be a solid 
sphere of crystal 

Moreover modem astronomers, as well as ancient, find 
it convenient for very many purposes to make use of this 
sphere, though it has no material eKistcnce, as a means 
of representing the directions in which the heavenly botUes 
ore seen and their motions. For all that dbect observation 

* In CUT dLokitc 2,000 ia ibout [.be ^ilcat nucitber ever visible 
4 it once, even to n keen->ightiid ptrson- 

f Ov^lng to tbc: ^mter briKlitncss of Ihc sEira overtteeU they 
OBuolly wetD e lililc nearer Ib^a ibose near tbe horUon. uid eon^ 
acquentJy the visible pOfUon of the eclostul Sphere sppenn to be 
nlhee 1^9 than e half of a eompIcU; aptacre. Tliii ti, however, of no 
itnportuce, ud will for [he: future be LKnored. 
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ran tpll 11 s about the posliioni of such an object os a sEw^ 
IS its dir£ction\ its distance ran onty be asceriained by 
indirect methods, if at all. If vre draw a. Spheral and 
suppose the obsener’s eye placed at its centre o i)^, 
and then draw a strain^ht line from o to a star ^ niccdng 
the surface of the sphere in the point then the star 
appears exactly in tnc same position as if It were at /, 
itur would its apparent positton he chani^ed if it were 
placed at any other point, such as s' or on this same 



line. When we speak, therefore, of a star as being at 
a pKjint j on the celestial sphete, all that we mean is that 
it is in the sanie direction as the point i, 04', in other 
words, that it is situated somewhere on the straight line 
through o ands.^ The advantages of this method of repre¬ 
senting the position of a star bccoute evident when wc wish 
to cotnpare the positions of several stars. 'Fhe dilTercnce 
of direction of two stars is the angle between the lino 
drawn from the eye to the stars; r.jf., if the siaii are k, ^ it 
is the angle nos. Simikriy the di^ercncc of ditection of 
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another pair ofsuri, r, Qt ii the nngle i' o Qn I he two stars 
!■ and Q appear nearer together than do k and 3j or farther 
apart, according as the angle P o y is less or greater than 
the angle it o But if we represent the sLir^ by the 
correspotuling ijoints i on the celestial sphere, then 

(by an obvious property of the sjjhere) the angle p o q 
( which is the same ^ ^ q) is less or greater than the 

angle k o s (ur r o s) according as the are joining / q 
on the sphere is less or greater than the arc joining r s, 
and in the same proportion ; if, for eiuunplc, the angle nos 
is twice as great as the angle P o Q, so also is the arc / q 
twice as great as the arc r s. U'e may therefore, in all 
questions relating only to the directions of the stars, replace 
the angle between the directions of two stars by the arc 
joining the corresportding points on the celestial sphere, or, 
in other words, by the distance between these points on 
the celestial sphere. But such arcs on a sphere arc 
easier both to estimate by eye and to treat geometrically 
than angles, and the use of the celestial sphere is therefore 
of great value, apart from its historical origin. It is im¬ 
portant to note that this apparent distance of two stars, 
/.If. their distance from one another on the celestial sphere, 
ij$ an entirely difTcrent thing from their actual distance from 
one another in space* In the figure, for example, Q is 
actually much nearer to s llian it U to p, but the ap|)arcnt 
distance measured by I he arc ^ ^ is several limes greater 
than q The apparent distance of two points on the 
oelesti^ sphere is measured numerically by the angle 
between the lines joining the eye to the two points, 
expressed in degToea, miuntes* and seconds.* 

We might of course agree to regard the celestial sphere 
as of a particular siiic, and then express the distance Ijc- 
tween two points on it in mites, feet, or inches; but it Is 
practically very inocmvenicnt to do so. 'fo say, as some 
people occasionally do, that the distance between two stars 
is 90 many feet is meaningless, unless the supposed size of 
the Celestial sphere a given at the same time. 

It has already been pointed out that the ol^er\'cr is 
always at the centre of the celestial sphere ^ this remains 

“ A right ariglc is divdeJed in(o ninety degreefi * rtvgret inla 
Kiily mltitJtM ( 6 cf}j Bud s minuie into sixty iiccmds 
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true cvun if he moves to another place. A sphere has^ 
however, only one cenirej and therefore if the sphere 
remains fixed the observer cannot move about and yet 
aln-ays remain, ai the centre, 'the old asironomerai met 
thlsdifiiiailly hysuppesing that the celestial sphere was so 
large that jusy possible motion of the observer would be 
insignificant in compaiison with the radius of the sphere and 
could be neglected. It is often more convenient—when 
we arc using [he S|>hcTe as a mere geometrical dewoc for 
Tepresenting the position of the stars—to regard the sphere 
as moving with the observer, so that he always temains at 
the centre. 

3* Although the stars all appear to move across the 
sky (5 5), and their rates of motioni differ, yci the distance 
between any two stars remains unchanged, and they wm 
coriscquently regarded as being attached to the celestial 
sphere. Moreover a little careful observ-ation would have 
shown that the motions of the stars in different parts of the 
sky, though at first sight very' different, were just such 
as would have been produced by the celestial sphere—^wiih 
the stars attached to it—turning about an axis passing 
through the centre and through a point in ^e northern 
sky close to the fxiniilLar jnolo^iai. This pomt is called 
the pole. As, tsowever, a straight line drawn through the 
centre of a sphere meets it in two points, the axis of 
the celestial sphere meets it again in a second point, 
opposite the first, lying in a part of the celestial sphere 
which is permanently below the hofison. This second 
point is ahm called a pole; and if the two poles have to 
be distinguished, the one mentioned first is colled the 
north pole, and the other the south pole: The direcdoti 
of the rotation ^ the celestial sphere about its axis is 
such that stars near the north pole are seen to move round 
it in circles iti the direction opposite to that in which the 
hands of a clock mo\Tc; the motion is unifonn, and a 
complete revolution is p^ormed in four minutes lci» than 
twentydour hours; so that the position of any star in the 
sky flt twDb-e o'clock tc^nighl is the same as its jmsiiion at 
four minutes to twelve to-morrow night. 

The moon, like the stars, shares this motion of the 
celestial sphere, and so also does the sun, though this 
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is intone dtfficuU t<? r^ixzDgnise ovtng to dte ficE Lhit the sun 
and stars are noi seen together 

As other tnoiions of celestial Ixxiics have to be dealt 
with, the genemi motion just described may be conveniently 
referred to ns the daily moticta or daily rotatian of the 
celestial sphere, 

9 > A further study of the daily motion would lend to the 
recDgiuiion of certain important cinclo of the celesiiaJ sphere- 

Each star describes in its t^ily motion a drclei the size 
of which depends on its distance from the poles. Fig. 2 
shews the paths described by a number of stars near the 
pole, recorded photographically;, during part of a night. 
The pole^ar describes so small a circle that its mciiori! can 
only with difficulty be detected with the naked eye, stars a 
tittle farther off the pole describe larger circles, and so on, 
until we come to stars halhway between the two poles, which 
describe the largest circle which can be drawn on the 
cclesti.il sphere., The circle on which these stars Jie and 
which is described by any one of them daily is called the 
equator. Hy Icxiking at a diagram such as hg. j, or, better 
still, by looking at an actual gloliie, it can easily be seen 
that half the e(|uatot (l q w) lies alxive and half (the 
dotted part, vf n r) IjcIuw the horizon, and that in consC' 
qucncc a star, such as jr, lying on the cqitntor, is in its daily 
motion as long a time above the horizon as Ijielow. If 
a star, such as s, lies on the north side of the equator, 
on the side on which the north pole r lies, more than half 
of Its daily path lies above the bori^n and less than half 
(os shewn by the dotted line) lies below ^ and if a star 
is near enough to the north pole (more precisely, if it is 
nearer to the north pole than the nearest point, k, of the 
horiron), as (t, St never sets, but remains continually above 
the horizon. Such a star is called a (northent) ciroumpolBr 
star. On the other hand, less than half of the daily path of 
a star on the south side of the equator, as is above the 
horizon, and a star, such as tr', the distance of which from 
the north pole is greater than the distance of the farthest 
point, K, of the horizon, or which h nearer than h to the 
south pole, remains continually below the horizon- 

10 . A sli^t familiarity with the stars is enough to shew 
any one that the same stars are not always visible at the 
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incjst during seven hoiin Frtffl * rjiph by Nr. 

K. PsJn. thEelcest line la the path ^ihc pale star^ 
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iiwnc lime of night. Ksther more careful observaLion, 
earned out for a considerable timci is necessary in order 
to see ^that the aspect of the sky chatigcs- in a regular way 
from night to night, and that after the lapse of a year the 
same scirs become again visible at the same lime, 'i'he 
explanation of these changes as due to the motion of 
the sun on the celestial sphere is more difficult; and the 


unlcnown discoverer of this fact certainly made one of 
the most important steps in early astronomy. 

Iran observer notices soon after sunset a star somcirherc 
in the west, and looks for it again a few evenings later at 
about the same time^ he finds it lower down and nearer to 
the sun; a few evenings later still it is {n\'isible, while Its 
place has now fieen (alten by some other &tar which was at 
first farther east in the sity* This star can in turn bo 
observed to approach the sun evening by evening. Or if 
the stars visible after sunset low down in the east are 
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noticed a few days later^ they are found to be higher up 
in the shy^ and Uwir place is taken by other stars at 
first too loMi' down to be sccil. Such observations of 
stars rising or setting about sunrise or sunset shewed to 
early observers that the stars were gradually changing their 
position with respect to the sup^ or that the stin was 
changing its position with respect to the stars. 

The changes just described^ coupled with the Hici that 
tlte stare do not change their positions with respect to one 
another, shew that the stare as a whole pcrfoirn their daily 
revolution rather more rapidly than the sun, and at such a 
rate that they gain on it one complete revolution in the 
course of the year* This can be expressed othi^rwise in 
the form that the stare are all moving westward on the 
delestiaJ sphere, relatively to the sun, so that stars on the 
cast are continually approaching and those on the west 
contintially receding from the sun. But, again, the same 
f.Mts Can be expressed with equal accuracy and greater 
simplicity if we tegard the stare as fixed on the celestial 
sphere, and the sun as moving on it from west to east 
among them (that is, m the direction oppoiUc to that of 
the (^ly motion), and at such a rate as to complete a 
circuit of the celestial sphere and to return to the same 
position after a year. 

This annual motion of ihe sun is, hoin'ever, readily 4 t*en 
not to be merely a motion from w'esi to cast, for if so the 
sun would alwayii rise and set at the same points of the 
horizon, aa a star docs, and its midday height iu the sky 
and the time from sunrise to sunset would always be the 
same. VVe have already seen that if a star lies on the 
equator half of its daily path is alxive the horiion, if 
the star is north of the equator more than half, and if south 
of the equator less than half; and what k true of a star is true 
for the same rcasoit of any btjdy sharing the daily motion of 
the celestial sphere* During the summer months therefore 
(March to Septemlier), when the day is longer than the night, 
and more than half of the ftun'‘s daily path is alxn'e the 
horison, the sun must be north of the equator, and during 
the winter months (September to hfarch) the sun must be 
south of the ^uator* The change in the sun^s distance 
from the pole is also evidem from the fact that in the winter 
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months the ^ini is on the whote lower down in the sky than 
in summer^ and that in jMrtieular its midday height is less. 

ti* I’he iiurt's jiatb on the celestiaJ spliere ts thencrorc 
obliciue to the equator, lying portly on one side of it an<3 
partly on the other. A good deal of careful observetion 
of the kind we have been dcscnbing must, however^ have 
l>een necessary before it was ascertained that the sun's 
annual path on the celestial sphere (see hg. 4) bi a, great 
eirole (that is, a circle hating its centre at the centra of 
the spheTc)i This great circle is now adted the ecUptio 
(because eclipses take place only when the moan is in 
or near it), and the angle at which it cuts the equator is 
railed the obliqtiity of the ecliptic. The Chinese claim to 
have measured the obliquity in 1100 P.C., and to have found 
the remarkably accurate value aj® sa' (ck chapter 11 ., $ 35 )* 
The truth of this statement may reasonably lx doubted, but 
on the other hand the staiement of some late Greek nriterf 
that cither Fyihagoras or Anaximander {6th century tc.) was 
the J^rff to discover the 
obliquity of the ecliptic is 
almost certainly wrong. It 
niust have been known with 
reasonable accuracy to iKJth 
Chaldaeans and Egyptians 
long Ifefore. 

When the sun (tosses the 
equator the day is equal to 
the night, and the times 
when this occurs are con¬ 
sequently known as the 
equinoxes, the yeniAl oqoi- 
nox occurring when the sun 
crosses the equator from 
south, to north (about ^[nrch 
2 lit), and the autniimBl 
eqn^tdt when it crosses back (about September vltd). 
The pwaints on the celestial sphere w'htre the sun crones 
ihe equator (a, c in fig. 4), U. where ecliptic and equator 
cross one another, ore called the equinoctiil points, 
occasionally also the equinoxes. 

After the venul equinox the sun in its path along the 
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eclipLic recedes from ihe equator towards the norths tintil It 
reaches, about three months flftcmrajds. Its greatest di^tince 
front the eqiintor^ arid then approaches the equator again. 
The titinj when the sun is at its greatest distance i^roin the 
etjuator on the north side Is called the summer Bolstie^, 
because then the northward motion of the sun ts arrested 
and it tcmpororlljr appears to sLind still. Sitnilarljr the sun 
js at Its greatest distance from the equator towards the 
south at the winter wIsUm. Thu points on the ecliptic 
(b, d in 4) where the sun is at the solstices are called 
the lolititiAl points, and arc halfway between the equinoctial 
points. 

12, The earliest observers probably noticed particular 
groups of stjiTs remarkable for their form or for the presence 
of bright stars among them, atid occupied their fancy by 
tracing resemblances between them and familiar objects, etc. 

hare thus at a very early period a rough attempt at 
dividing the stars into groups called MEitBllationB and at 
naming the latter. 

In ^mc cities the stars regarded as belonging to a con- 
stelLiiIon form a well-marked group on the sky, suihcicntly 
sefiaratcd from other stars to tjc conveniently classed 
logelluTj although the resemblance whicti the group Ijears 
to the object after which it Is named is often very iillghi. 
The seven bright stars of the Great Bear, for CJuimpIcii form 
a group which any oljservcr would vety soon notice and 
naturally make into a constellation, but the resemblance 
to a bear of these and the fainter stars of the constellation 
is sufficiently remote {see fig. 5), and as a rnattcr of fact 
this part of the Hear has also wren railed a Waggon and 
is in America famliiarly known as the Dipper; another 
constellation has sometimes been called the Lyre and 
somelitnea also the Vulture, In very many rases the choice 
of stars seems to have been made In such an arbitrary 
rnmncrj, os to suggest that soine fanciful figure wa-s first 
imagined and that stars were then selected so os to represent 
It in some rough sort of way^ In fact, os Sir John Herschel 
remarks, " The constellations seem to have been purposely 
named and delineated to cause as much confusion and 
inconvenience as possible. Innumerable snakes twine 
through long and contorted areas of the heavens where no 
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memory can follow them; bears, Hons, and fisHes, large and 
small, confuse all nomenclniurc/’ {jOuilints iff A 5 trf}tiffmy\ 

§ 501.) 

The constellations as we now Imre them arc, with the 
OiHiepLioii of a certain numl>er (chiefly in the southern 
skies) which have been added in modem limes, substantially 
those which existed in early Greek astronomy \ and such 
information as we possess of the Chaldacan and Egyptian 
constellations shews resemblances indicating that the Greeks 
bcurrowed some of them. The names, as far as they art 
not those of animals or common objects (Bear, Serpen^ 
Lyre, etc.), arc largely taken from characters in the Greek 
mythology^ (Hercules, Porseus, Orion, etc,}. The con^ 
stetlalion Berenioe's Hair, named after an Egyptian queen 
of the 3rd century is one of the few which com¬ 
memorate a historical personage.* 

13. Among the constellations whtch first received names 
were those through which the sun passes in its anm^l 
circuit of the celestial sphere, that is those through which 
the ecliptic passes. The moon's monthly path is also a great 
circle, never diDering very much from the ecliptic* and the 
paths of the phmets (§ 14) art s^ch that ihcy also arc nmtr 
far from the ecliptic. Consequently the sun, the moodt 
and the fi^t planets were always to be found within a region 
of the sky extending about S° on each side of the eclhitic. 
Tbis strip of the celestial sphere was ^led ihtr »dlic, 
because the constellations, in it were (with one cxcepiionj 
named after living things (Greek an 
divided into twelve equal parts, the signs of the sodi^, 
through one of which the sun passed every month, so that 
the pcsiiion of the sun at any time “ild be roughly 
described by stating in what " sign" it jjns. Ihe 
each " sign ” were formed into a constellation, the 
and the constellation each receiving the same name. 1 hus 

- I h»lW in«Js no cllticr her^ or d«wbc« ta 

C&natelUtjoni and thetr poiiUena, « 

rBOiili&r with Ihcm the twflt "■ t® bctlcr InfOTmcd 

rriond to Dointout n fiw of the more conrptmow Jrt diBcrffit 

Sil"* ™. be r»dSIJ*d^bs "f ■ 

« of Ibe itpr-mAp, ,,000 fn moo, loitbookfc 
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arose twelve zodiacal coastellationi, the names of which 
have Come down to us with unimportant changes from 
curlj" Creek times.* Owing, however, an uitcratlon of 
the positfon of the equator, and consequent y of the 
equinoctial |)oints, the sign Aries, which was defined by 
Hipparditw iti the second century ac. (see chapter ii., § 4a) 
as b^inning a! the vernal er|iiinoctint point, no longer 
contains the constellation Aries, but the preceding one, 
Pisces j and there is q corresponding change throughout 
the zodiac. The more precise numerical methods of 
modern astronomy have, however^ rendered the signs of 
the zodiac almost obsolete; but the first point of Aries (r 
and the first point of Libra {a), ore still the recognised 
names for the equinoctial points. 

In some cases individual stars also received special 
names, or were called after the part of the constellation in 
w'hich they were situated, Sirius, the Eye of the Hull, 
the Heart of the Lion, ett; but the majority of the present 
names of single stars are of Arabic origin {chapter lu., 64)^ 
have seen that the stars, as a whole, retain 
invariable positions on the^ celestial sphere,t whereas the 
sun and moon change their positions^ It was, however, 
discovered in prehistoric times that five bodies, at first 
sight barely distinguishable from the other stars, also changed 
their places. These five—Mercury, Venus, Mars, Jupiter, 
and Saturn—with the sun and moon, were called 
or wanderers, as disUngtiLshed from the fined itoi^ 

- " The Iwracs, in the oiatoraity Jjidirv formH, are i Aries, THuni^ 
Gemini Cancer, Vir^, Ltbra, Senrpi^ Sfigiitarius, C^pricar^u^ 
A^Unnus, uid Pisces; they we esrity reoieiDl^red by the dojgEercl 
I'trae*:— ^ 

The Rut, the Eiu]l. tlic Heavenly 'i'wpiqs, 

And next ifie Cnb, the Lkin shioei. 

'ftoc Virgin ai>d the Scales. 

The Seerpicn, Arelw, and He-ODgn, 

The Man thsil hears the WnEcrine.pat, 

And Fiih wiUj irliticrLne tails. 

J Th» statemenE leavea nut of apcount atnall tncitlnns nearly or 
quite Enrisibk to the ttakrd eye, aome ef wbeeb are among the most 
uitcroslinif diKovcriefl of Iclcscopio aitronomy: *ee, for example, 
chapter a., *07-115. 

t The Viistom of CallinE The sun and m-Doo ptancla hai now died 
out, and Ehe modem oiage will be adopted hencerorward in tbia 
book. 
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Mercury Is never seen CKCcpt occasiDnaJiy near the horizoTi 
just after sunset or before sunrisci and in a cliinatc like 
ours requires a good deal of loolcing for]^ and it is rather 
rcntarkable that no record of its discovery should c^isU 
Venus is dorrspicuous as the Kvening Star or as the 
Morning Star. The discovery of the identity of the 
Kvenirig and ^forning Stars is attributed to Pjlhararas 
(tith century but must almtHt certainly have been 

made earlier, though the Homeric poems Contaiti references 
to both, without any indidntiort of their identity.. Jupiter is 
at times as conspicuous as Venus at her brightest, while 
Mars and Saturn, when well situated, rank with the brightest 
of the fixed stars. 

The [Wtbs of the planets on the celestial sphere are^ as 
we have seen (§ 13), never very far from the ecliptic; hut 
whereas the sun and moon move continuously along their 
paths front west to east, the motion of a planet Is sonac- 
times from west to cast, or direct, and sometintes from east 
to west, or retrogTiftde. I f w e begin to watch a planet when 
it is moving eastwards among the stars, we find that after 
a time the motion becomes slower and slower, until the 
planet hardly seems to mote at all, and then begins to 
move with gtadually increasing speed in the opposite 
direction; after a time this westward motion b^onies 
slower and then ccoscs, and the planet then begtna to move 
eastwards again, at first slowly arid then faster, until it 
returns to ita original cortdition, and the changes arc 
repealed. ^Vhen the planet k just reversing its motion it 
is said to be qtationfiiy, and its pcKsition then is called a 
atationuy point The time dunng which a planet’s motion 
is retrograde i-t, however, always considerably less than that 
during which it is direct; J upitcr’s motion, for example, 
is direct lor about 39 weeks and retrograde for 17, while 
Mcrcury^s direct motion lasts t 3 or t4 weeks and the retro¬ 
grade motion only about 3 weeks {sec figs. 6, 7). On the 
whole the planets advance from west to cast and describe 
circuits round the celestial sphere in penods which arc 
difTcrenl for each planet The explanation of these irregu- 
larities in the planetary motions was long one of the great 
difficulties of astronomy. 

JS. The idea that some of the heavenly bodie? are 
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ncu'cr to the earth than others must have been suggested 
by eclipses tj) and ocoultationtt i.f. passages of the 
moon over a planet or fixed star. In this way the moon 
would be recognised a? nearer than any of the other 
celestial bodies. No direct means being available for 
determining the distances^ rapidity of motion was employed 
as a. test of probable nearness. Now Saturn returns to the 
same place among the stars in about years, Jupter in 
13 years, Mars in s years, the sun in one year, Venus in aaf 

IKW_ 4C|it *O i«^_ BP Hi- _ 
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FjCs £.-~Thc Bppa.mit [hU] of Jupiter rrom Oct. z£, te 

Sept, j, iSoS. The dalei printer] in the shew the 

pcflitiun* or Jupiter. 


days, Mercury in SS day's, and the moon in s? days; and 
this order was iisitally taken to be the order of distance, 
Saturn being the most distant, the moon the nearest The 
stars being seen above us it was natural to think of the 
most distant celestial bodies as being the highest, and 
accordingly Saturn, Jupiter, and Mars being beyond the 
snn were called supeiior pl^etj, as distinguished from the 
two inferior plfuaets Venus and Mercury. This division 
corresponds also to a dificrence in the obsmed motions, 
as Venus and Mercury seem to accompany the sun in its 
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nnDtnl Journey, being never more than abo^it 47® and 
respecbvcly disunt from it, on cither aide j while the other 
planets arc not thus restricted in their motions. 

i 6 . One of the ptirposcs to which applications of 
astronomical knowledge was first applied wna tO' the 
measurement of time. As the alternate appearance and 
disappearance of the sun, bringing with it light and heat, 
is the most obvious of astronomical facts, so the day is 
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the simplest unit of time,* Some of the early civilised 
nations divided the time from sunrise to sunset and also 
the night each into la equal hours, According to this 
arrangement a day^hoiir was hi summer longer than a 

• U n«y he roled thil aur word (end corre^fioftdirjr 

word [n other ia in two Sciwm, ntivrr for 

the Ihne between iUBruc ud nunict (d*y a* distinfuuhcd fren 
ttllthl), Of for the whole perkd of 34 hoti™ or diy-iad-nighL Th* 
Greoki^ howerer, used &ir the Utter n ■pcCul word, 
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ntght'hour and in wrinttr shorter,, and the length of an hour 
varied durbi^ the year. At Habylon, for cxampICf wlicre 
this arrangement existed, the icngfh of a day-hour was at 
iDidsummet about half as long again as in midwinter, and 
in Ijondou it would be about twice m lon^ It was there¬ 
fore a great imprcn‘ement when the Greeks,, incorn|)aiatively 
late limes, divided the whole day into 34 equal hours. 
Other early nations divided the same period into is double 
hours, and others again into 5 o hours. 

The next most obvious unit of lime is the luanr' mantli^ 
Or period during which the moon goes through her phrucs. 
A third independent unit is the year. Although the year 
is for ordinary life much more important than the month, 
yei 05 it is much longer and any one time of year is harder 
to recognise than a particular phase of the moon, the length 
of the year is more difhcult to determine^ and the earliest 
knowTi systems of time-rneasufement were accordingly 
based on the month, not on the year. The month was 
found to be nearly equal to days, and as a period 
consisting of an exact number of days was obviously con¬ 
venient for most orclinary purposes, months of 39 or jo 
days were usedj and subsequently the calendar was brought 
into closer accord with the moon by the use of months 
containing alternately jgi arid 30 days (ef chapter ii.„ § 19). 

Both ^aldaeans and Egyptians appear to have known 
that the year consisted of a^ut 365^ days; and the latter, 
for whom the importance of the year was erttphasised by 
the rising and falling of the Nile, w'erc probably the first 
nation to use the year in preference to the month as a 
measure of time. They cliose a ye-ar of 365 days. 

The origin of the week is quilt different from that of 
the month or year, and rests on certain astrological ideas 
about the planets. To each hour of the day one of the 
seven planets (sun and moon included) was assigned as a 
" ruler," and each day named after the pLanet which ruled 
its first hour. 'Ilie planets being taken in the order 
already given (§ 15), Saturn ruled the first hour of the 
first day, and therefore also the 3th, 15th, and 2 and hours 
of the first day, the 5th, fzlh, and i^ih of the second day, 
and so on; Jupiter ruled the and, 9th, 16th, and 33rd 
hours of the first day, and subsequendy the 1st hour of 
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the 6Lh dajff In this ftay ihe first hours of successive 
da)^ fell respectively to Satiimg the Sun, the Moon, Mars, 
Mcrcurj', Jupiter^ and Venus. The first three are easily 
rccognis^ in our Saturday, Sundayv md Monday ; in the 
other days the names of the Reman gods have been 
replaced by their supposed Teutonic equivalents—Mercury 
by Wodan, Mars by Thuesi, Jupiter by Thor, Venug by 
Freta.* 

r 7. BdipseB of the sun and moon must from very early 
times have excited great interest, mingled vith fluperstitious 
terror, and the hofte of ecquJnng some knowledge of them 
waa probably an important stimulus to early astronomical 
work- That eclipses of the sun only take place at new 
moon, and those of the moon only at full moon^ must have 
been noticed after very little observation ; that eclipses of 
the sun are caused by the passage of the tnoon in front 
of it must have been only a little le $3 obvious; but the 
discovery that eclipses of the moon are caused by the 
earth’s jhadow was probably made much later. In fact 
even in the time of Anaxa^ras (jth century B.C.) the idea 
was so unfamiliar to the Athenian public as to be regarded 
as bLnsphemous. 

One of the most remarkable of the ChaJdaean con^ 
tributions to astronomy was the discovery (made at any 
rate several centuries b.c.]i of the recurrence of eclipses 
after a period, knowm as the varus, consisting of 6,585 days 
(or eighteen of our years and ten or eleven days^ accordir>g 
as five or four leap-years are included). It is probable 
that the discovery was made, not by oalcubtidns based on 
knowledge of the motions of the sun and moon, but by 
mere Study of the dates: on which eclipses were recorded 
to have taken place. As, howevcfi, an edipse of the sun 
(unlike an eclipse of the moon) is only visible over a small 
part of the surface of the earthy and eclipses of the sun 
occulting at intervals of eighteen yean are not generally 
visible at the same place, it is not at all easy to sec how 
the Qialdaeans could have cstabicshed their cycle for this 
case, nor is it in fact dear that the saros wav supposed to 
apply to solar as well as to lunar cdtpses- Ihe taros may 

* OHuptre the FTeneh: MardL, Unrcrt^i, Jcudi, Ve&drtdi; er 
betWr itul Ltic luliu : Uulxdf, H^reoledi, GiowHji, VeaerdU 
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be illustrated in modem times by the eclipses of the sun 
which took place on July i8th, i860, on July agth, 1878, 
and on August 9tb, 1896; but the first was visible in 
Southern Europe, the second in North America, and the 
third in Northern Europe and Asia. 

18. To the Chaldaeans may be assigned also the doubtful 
honour of having been among the first to develop astrology, 
the false science which has professed to ascertain the in¬ 
fluence of the stars on human aflairs, to predict by celestial 
observations wars, famines, and pestilences, and to discover 
the fate of individuals from the positions of the stars at 
their birth. A belief in some form of astrology has always 
prevailed in orienud countries; it flourished at times among 
the Greeks and the Romans; it formed an important p^ 
of the thought of the Middle Ages, and is not even quite 
extinct among ourselves at the present day.* It should, 
however, be remembered that if the history of astrology is 
a painful one, owing to the numerous illustrations which 
it affords of human credulity and kiuvery, the belief in 
it has undoubtedly been a powerful stimulus to genuine 
astronomical study (cf. chapter iii., § 56, and chapter v., 
§§ 99, 100). 

* See, for example, OU Moorts or Zadkitt* Atmanodt, 


CHAPTER IL 


GKZe.K astronomy, 

"The Batronamcrdj^WVCFi ihul ^eamctiT, A puJC ahstrartlon of Ibt 
human wiod, ia the pienaurc of plBnctno' raoUBB* 


lo. In the esulicr period of Greet history one of the 
chief functions expected of astronomers was the proper 
regulation of the cakndai. The Greeks. like earirer 
nations, began with a calendar based on the m^n. in 
the time of Hesiod a year consisting of la months of 30 
days was in common use j at a later date a year made up 
of 6 bdl monlbs of 30 days and 6 empty months of days 
was introduced. To Solon is attributed the ment of 
having introduced at Athens, about 594 b c,. the ^cticc 
of adding to every alternate year a "full mMth. Thus a 
period of two years would cortiain 13 months cf 30 days 
Stfid 12 of days, or 73R days in all, distributed among 
iB months, giving, for the average length of the yeor^d 
month, 360 days and about igi days respectively. -Hns 
arrangement was further improved ljy the introduction, 
probably during the 5th oentury b-c.^ of the oetaeU™, or 
wehi-year cycle, in three of the years of which an addntonal 
full" month was introduced, while the lemaining ye^ 
consisted as before of 6 "Ml” and 6 "emp^” months. 
By this aTiangement the average length of the year w^ 
reduced to 365* days, that of the month remamrng nearly 
unchanged. As, however, the Greeks laid some stress on 
beginning the month when the new moon was first ^ible, 
it was necessary to make from time to time artMtrary 
alterations in the calendar, and considerahle confusion 
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resulted, of which Aristophanes nukes the Moon complain 
in his play The Clouds^ acted in 423 B.C.: 

“ Yet you will not mark 3rour day* 

Aa abe bids you, but confuse them, jumbling them all sorts of ways. 
And, she says, the Gods in chorus ^ower reproaches on her head, 
When, in bitter disanpointment, they go aupperless to bed. 

Not obtaining festal tmoquets, duly on the festal day.” 

20. A little later, the astronomer Afeton (born about 
460 B.C.) made the discovery that the length of 19 years 
is very nearly equal to that of 235 lunar months (the 
diflference being in fact less than a day), and he derised 
accordingly an arrangement of 12 years of 12 months and 

.7 of 13 months, 125 of the months in the whole cycle 
being ** full ” and the others ** empty.” Nearly a century 
later CalUpfms made a slight improvement, by substituting 
in every fourth period of 19 years a “full” month for one of 
the “ empty ” ones. ^Vhether Meton’f cycle, as it is called, 
was introduced for the civil calendar or not is uncertain, 
but if not it was used as a standard by reference to which 
the actual calendar was from time to time adjusted. The 
use of this cycle seems to have soon spread to other parts 
of Greece, and it is the basis of the present ecclesiastical 
rule for fixing Easter. 'I’he difficulty of ensuring satisfactory 
correspondence between the civil calendar and the actual 
motions of the sun and moon led to the practice of publish¬ 
ing from time to time ta})les (vopainjyfiara) not unlike 
our modem almanacks, giving for a series of years the 
dates of the phases of the moon, and the rising and setting 
of some of the fixed stars, together with predictions of the 
weather. Owing to the same cause the early writers on 
agriculture (e^. Hesiod) fixed the dates for agricultural 
operations, not by the calendar, but by the times of the 
Arising and setting of constellations, /.<. the times when 
ffiey first became visible before sunrise or were last visible 
immediately after sunset—a practice which was continued 
long after the establishment of a fairly satisfactory calendar, 
ana was apparently by no means extinct in the time of 
Galen (and century a.d,). 

21. The Roman calendar was in early times even more 
confused than the Greek- 'I’hcre appears to have lieen 
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at one time a year of either 304 or 354 dap; tradition 
assigned to Numa the introdurtion of a cycle of four years, 
which brought the calendar into fair agreement with the 
sun, hut made the average length of the month consider¬ 
ably too short Instead, however, of introducing further 
rehnements the Romans cut the knot by entrusting to 
the ecclesiastical authorities the adjustment of the 
calendar fitim lime to lime, so as to make it agree with 
the sun and moon. According to one account, the 
first day of each month was proclaim^ by a crier. 
Owing either to ignorance, or, as was ^leged, to 
cal and commercial favouritism, the priests allowed the 
calendar to fall into a state of great confusion, so that, 
as Voltaire remarked, “les giJn^ux rommru inomphaienl 
toujours, mais ils ne savaient pas quel jour ils tnom- 

^'^A^Ufactory reform of the calendw was fi^ly effect^ 
by Julius Caesar during the short period of his suprcnucy 
at Rome, under the advice of Alexandrine Mtronomcr 
Sosianes. The error in the calendar had mounted up 
to s?ch an extent, that it 

to correct it, to interpolate three additional months in 
a single year (46 ac.), bringing the toul n^ber of days 
?n Xt year up to 445 - 

be independent of the JT 

to consist of 36s dap, an extra day being add^ to teb- 
fourth y 4 r (our IcuMCUr). 50 that the average 

leneth of the year would be 3^54 da)’8. 

The new system began with the year 4^ B.C., and soon 
spread, unde? the name of the JuliM Calendar, over the 

cmhsed^wojldd subject, it 

venient to deal here with the only Utcr reform of any 

im^^n^ between the average length of t^ 

year as fixed by Julius Caesar and the true g*® 

small as only to amount to about one day in 
Z latter hilf of the 16th century the dale cd the vei^ 
equinox was therefore about t«n days ^ 

at the time of the Counal of 

rules for the observance of Easter had been fixed, rope 
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Gregory XIII. intT^sduced iherefore, in 15S1, a slight change; 
ten days were omitted from that year, and it was arranged 
to omit for the Aitmre three leap-years in four centuries 
in ijoo, i 3 oo, ttjoo, ^loo, etc-, the yeoK 1600, 2000, 
1400^ eiCr, remaining leap-year?)+ The Gregarian Calendar, 
or Few Style, as it was commonly called, was not adopted 
in England dll 1753, when ii days had to be omitted; 
and has not yet tK^n adopted in Russia nand Greece, 
the dates there being now la days behind those of 
^Vestem Europe. 

33. While their onental predecessors had confined 
themselves chiefly to astronomical observations, the earlier 
Greek phiJosophers appear to have made next to no 
observations of importance, and to have been far more 
interested in inquiring into causes of j^enomcna. TAnla, 
the founder of the Ionian school^ was credited by later 
writers with the introduction of Egyptian astronomy into 
Greece, at about the end of the 7th century b.c. ; but both 
Thales and the majority of his immediate successors appear 
to have added little or nothing to astronomy, except son^e 
rather vogue speeutations as to the form of the earth 
and its relation to- the rest of the world, the other 
hand, some real pirogiess seems to have been made by 
/^'t/ixtgorns * and his followers, Pythagoras taught that 
the earth, in common with the heaventy b^ies, is a sphere, 
and that it rests without requiring support in the middle 
of the universe. WTiether he had any real evidence in 
support of these views is doubtruh hut it is at any rate 
a reasonable conjecture that he knew the moon to Ijc 
bright because the sun shines on it, and die phases to- 
be caused by the greater or less amount of the illuminated 
half turned toward us ; and the curved form of the 
boundary between the bright and dark portions of the 
moon Was correctly inletpreicd by him as evidence that 
the moon was spherical, and not a flat disc, as. it appears 
at first sight. Analogy would then probably suggest that the 
earth also wm spherical. However this may l>e, the belief 
in the spherical form of the earth never disappeared from, 

* We have IHUe deSnalc knowledge of his life. He was born in 
the earlier part of the fith century B.t. and died at the ead of the 
nmo oentury or be^Emia^ of tho neat. 
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Greek thought, and was in later times an established part 
of Greek systems, whence it has been handed down, 
almost unchanged, to modem times. This belief is thus 
s,ooo years older than the belief in the rotation of 
the earth and its revolution round the sun (chapter iv.), 
doctrines which we are sometimes inclined to couple with 
it as the foundations of modem astronomy. 

In Pythagoras occurs also, perhaps for the first time, an 
idea which had an extremely important influence on ana<^ 
and mediaeval astronomy. Not only were the stars supp^ 
to be attached to a crystal sphere, which revolved daily 
on an axis through the earth, but each of the seven 
ptoncis (the sun and moon being included) moved on a 
sphere of its own. The distances of these spheres from 
the earth were fixed in accordance with certain speculative 
notions of Pythagoras as to numbers and music; hence 
the spheres as they revolved produced harmomous souiim 
which specially gifted persons might at bmes hear: this 
is the origin of the idea of the music of spherM which 
recurs continually in mediaeval speculation and is found 
occasionally in modem literature. At a later stage th^ 
spheres of Pythagoras were developed into a scientific 
represenution of the motions of the celestial bodies, which 
remained the basis of astronomy till the time of Kepler 

(chapter vii.). . . .... 

24. The Pythagorean Philoiaus, who lived about a 
century later than his master, introduced for the first time 
the idea of the motion of the earth; he appears to have 
regarded the earth, as well as the sun, moon, and five 
planets, as revolving round some central fire, the earth 
rotating on ite own axis as it revolved, apMrcntly in order 
to ensure that the central fire should always remain in¬ 
visible to the inhabitants of the known parts of the e^mh. 
That the scheme was a purely fanciful one, arid entir^y 
diflerent from the modem doctrine of the rnotion the 
earth, with which later writers confused it, is sufficiently 
shewn by the invention as part of the scheme of a purely 
imaginary body, the counter-earth {iyny^^ which brought 
the number of moving bodies up to ten, a saerw Pytha¬ 
gorean number. The suggestion of such an im^rtant 
idea as that of the motion of the earth, an idea so 
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repugnant to uninstructed common sense, although presented 
in such a crude form, without any of the evidence required 
to win general assent, was, however, undoubtedly a valuable 
contribution to astronomical thought It is well worth 
notice that Coppcmicus in the great book which is the 
foundation of modem astronomy (chapter iv., § 75) especi¬ 
ally cjuotes Philolaus and other P)'thagoreans as authorities 
for hts doctrine of the motion of the earth. 

Three other Pythagoreans, belonging to the end of 
the 6th century and to the 5th century B.C., Hiutas of 
Syracuse, Heraclitus, and Ec^hantus, are cxplidtly mentioned 
by bter writers as having believed in the rotation of the 
earth. 

An obscure passage in one of Plato’s dialogues (the 
Timaeus) has been interpreted by many undent and modem 
commentators as implying a belief in the rotation of the 
earth, and Plutarch also tells us, partly on the authority 
of Theophrastus, that Plato in old age adopted the belief 
that the centre of the universe was not occupied by the 
earth but by some better body.* 

Almost the only sdentihe (ireek astronomer who believed 
in the motion of the earth was Aristarchus of Samos, who 
lived in the first half of the 3rd century b.c, and is best 
known by his measurements of the distances of the sun 
and moon (§ 32). He held that the sun and fixed stars 
were motionless, the sun being in the centre of the sphere 
on which the latter lay, and that the earth not only rotated 
on its axis, but also described an orbit round the sun. 
Seieucus of Scleucia, who belonged to the middle of the 
and century b.c, also held a similar opinion. Unfor¬ 
tunately we know nothing of the grounds of this belief in 
cither case, and their views appear to have found little 
favour among their contemporaries or successors. 

It may also be mentioned in this connection that Aristotle 
(§27) cicarlv realised that the app^nt daily motion of the 
stars could be expbined by a motion either of the stars or 
of the earth, but that he rejected the btter cxpbnation. 

25. /y<i/4> (about 428-347 B.c) devoted no dialogue 
especially to astrtmomy, but made a good many references 

• Tlicophrutu* w*» born about half a century, Plutarch nearly 
five ccoturiei, later than Plato. 
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to the subject in \’arious places. He condemned any 
careful study of the actual celestial motions as degnuhng 
rather than elevating, and apparently regarded the subject 
as worthy of attention chiefly on account of its connection 
with geometry, and because the actual celestial motions 
suggested ideal motions of greater beauty and interest 
This view of astronomy he contrasts with the popular 
conception, according to which the subject was useful 
chiefly for giving to the agriculturist, the navigator, and 
others a knowledge of limes and seasons.* At the end 
of the same dialogue he gives a short account of the 
celestial bodies, according to which the sun, moon, planets, 
and fixed surs revolve on eight concentric and closely 
fitting wheels or circles round an axis passing through the 
earth. Spinning with the body nearest to the earth, the 
order is Moon, Sun, Mercury, Venus, Mars, Jupiter, S;Uum, 
stars. The Sun, Mercury, and Venus are said to perform 
their revolutions in the same time, while the other planets 
move more slowly, statements which shew that Plato was at 
any rate aware that the motions of Venus and Mercury arc 
different from those of the other planets. He ^so swtes 
that the moon shines by reflected light received from 

the sun. . . 

Plato is said to have suggested to his pupils as a worthy 
problem the explanation of the celestial motio^ by means 
of a combination of uniform circular or spheri^ motions. 
Anything like an accurate theory of the celestial motions, 
agreeing with actual observation, such as Hipparchus and 
Ptolemy afterwards constructed with fair success, would 
hardly ^m to be in accordance with Plato’s ideas of the 
true astronomy, but he may well have wished to see 
esublished some simple and harmonious geometric^ 
scheme which would not be altogether at variance with 


26. Acting to some extent on this idea of Plato’s, Eudoxt^ 
of Cnidus (about 409-356 B.C.) attempted to explain the 
most obvious peculiarities of the celestial motions by 
of a combination of uniform circular motions. He may be 
regarded as representative of the transition from speculative 


• BffiMbhe, VII. 539, 530. 
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to adentific Greek astranonnyH As m the schemes; of 
se%'eral of his predeocssors, the fixed stiirs he on a sphere 
which revolves daily about an axis through the earth ; the 
raotjoii of each of the other bodies is produced by a coni' 
liination of other spheres, the centre of each sphere lying 
on the surface of the preceding one. h’or the sun and 
moon three spheres were in each case necessary: one to 
produce the daily motion, shared by all the celestial 
bodies I one to produce the atinual or monthly morion in 
the opposite direction along the ecliptic \ and a thirds with 
its axis inclined to the axis of the preceding, to produce 
the smaller motion to and from the ecliptic. Eudoxus 
evidently was well aware that the moon's path is not 
coindtknt with the ecliptic, und even that its path is not 
alwaj'3 the Same, but changes continuously, so that the third 
sphere was in this case necessary j on the other hand* he 
could not possibly have been acquainted with the minute 
deviations of the sun from the ecliptic with which modem 
astronomy deals. Either therefore he used erroneous 
obsen'atlons, or, as is more proliabic, the sun's third sphere 
was introduced to explain a purely imaginary motion con¬ 
jectured to exist by analogy ” with the known motion of 
the moon. For each of the hve planets four spheres were 
necessary, the additional one serving to produce the variations 
in the speed of the motion and the reversal of the direction of 
motion along the ecliptic (chapter i,, § 14, and below, § 51}. 
'Phus the celestial motions were to some extent explained 
by means of a system of 17 spheres, i for the stars, 6 for 
the sun and moon, ao for the pUnets, There is no dear 
evidence that Eudoxus made any serious attempt to arrange 
either the size or the rime of revolution of the spheres so as 
to produce any precise agreement with the observed morions 
of the celestial bodies, thuugh he knew with consfdemblo 
accuracy the time required by each planet to return to the 
same position with respect to the sun; in other words, his 
scheme represented the celestial motions qualitatively but 
not quantitatively. On the other hand, there I5 no reason 
to Suppose that Eudoxus regarded his spheres (with the 
passible exception of the sphere of the fixed stars) as 
material; his known devotion, to mathematics renders it 
probable that in hia eyes (as in those of most of the 
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scientific Greek astronomers who succeeded him) the 
spheres were mere geometrical figures, useful as a me;^ 
of resolving highly complicated motions into simpler 
elements. Eudoxus was also the first Greek record^ to 
ha\-e had an observatory, which was at Cnidus, but we have 
few dcuils as to the instruments used or as to the observa- 
Uons made. We owe, however, to him the first sy^tcmaUc 
description of the constellations (see below, §42). though 
it was probably based, to a large extent, on rough obsena* 
tvons borrowed from his Greek predecessors or from the 
Egyptians. He was also an accomplished mathemaucian, 
and skilled in various other branches of learning. 

Shortly afterwards Callippus (§ so) furjer dweloj^ 
Eudoxus’s scheme of revolving spheres ^ adding, for 
reasons not known to us, two spheres each for the »un 
and moon and one each for Venus, Mercury, and Mars, 
thus bringing the total number up to 3^ 

27 We have a tolerably full account of the astronomical 

views of AristotU (384-3” \ 

dental references, and by two treatis«-the 
and the De C^vA^though another book « hi^ dealmg 
specially with the subject, has unfortunately been I«L He 
adopted the planetary scheme of Eudoxus and CaUippus, 
but imagined on “ metaphysical grounds ” that the sphera 
would have certain disturbing effects on one pother, and 
to counteract these found it necessary to ^d ” 
spheres, making 56 in all At the same time he treated the 
spheres as material bodies, thus convertii^ an ingenious and 
beautiful geometrical scheme into a confused mcdiMism. 
Aristotle’s spheres were, 

leading Greek astronomers who succeeded him, the s) stems 
of Hmparchus and Ptolemy being geometrical schemes 
based on ideas more like those of Eudoxus. 

28. Aristotle, in common with other philoso^ers of hu 
time, believed the heavens and the “ 

spherical. In the case of the moon he sup)^ bdief 
by the argument attributed to I^ythagoras (§ 23)1 namely 
uLl the observed appearances of the moon in its several 

• Confused. becsoK the mechanlcml knowl^ 
quite une^l to giriBg .ny espUntion of the w.y in which tb-e 

qthercs acted 00 05 C aaolber. 
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Dhases an; ^ose whidt ttouM be assumed by a spherical 
body of which one half only is lUuminated by the sun* 
Thus the visible portion of the moon is bounded by two 
planes passing nearly through its centre, perpendicular 
TTMpectively to the Imea joining the centre of the moon to 
tho^of the sun and earth- In the accompanying diagramj 
which represents a section through the centres of the sun 
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(s), earth (e), and moon (v)* a n c D nepresentinn on a 
much enlarged scaie a section of the moon itself, the 
portion DAB which is turned away from the sun is dark 
while the portion a d c, being turned away from thu 
observer on the earth, is in any case invisible to him. The 
part of the moon which appears bright is therefore that of 
whicti B c is a section, or the portion 
represented by r u c c in ^g. a {which 
represents the complete moon), which 
consequently appears to the eye as 
bounded by a semicirelc ir c c, and a 
portion f b c of an oval curve {actually 
an ell ipse). The breadth of this brigh i 
su™ce clcdrJy varies vrith the relative 
pillions of aun, moon, and earth ; so 
wKr/'h iki w course of a month, during 

to Sn wihc postioM rebtivf 

to sun and earth repr^enled by i, a. i* u, c 6 i S in 
^ appe^anecs arc those represented ^by the cor¬ 

responding numbers in fig. tt, the moon thii passing 
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through the Tuniliar phases of crescent, half rull, gibbous, 
full moon, and gibbous, half full, crescent again,* 
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Fio, iOl—T be phases of the moon, 

Aristotle then argues that as one heavenly body t is 
spherical, the others must be so also, and supporter this 
conclusion by another argument, cqualty inconcluEi’i'c to 

•®C0003# 
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Fit * 1,—The pliAM Bif the nnon. 

US, that a spherical form is appropriate to bodies moving as 
the heavenly Ijodies appear to do, 

29. His proofs that the earth is spherical are more iri' 
tcresting. Ailer discussing and rejecting various other 
suggested forms, he points out that an eclipse of the moon 
is CAUS^ by the ^ndow of the cstrUi- cast by the stin,. Ard 

• I have introduced here Hie Cuniliif wpUnition ^ the phmten of 
the moon, *nA the iif|Uitieiir tiMed M it lor the jphci^ of 

the moOo, becafffcc. Bllhtmgh prohahlj knErwn before AfWotlc, lh«ie 
(b, jti for AS 1 know, n* clrar And itefifiEle BtAlentetil of the BMlter lii 
AAV eirlkr wrilrf. And After hit tiac it heComa in Ampled part of 
Greek d^enUry AJftrenamy. It rnBylw noticed thel ihG expImrAlkm 
im unifteHTtEd either hy the question of the roUtino of the c»rlh or 
by Ihil of its Dotion round Ihe sun. 
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argues from the circular form of the boundary of the shadow 
as seen on the face of the moon during the progress of the 
eclipse, or in a partioJ eclipse, that the earth must be 
spherical; for otherwise it would cost a. shadow of a dif¬ 
ferent shape. A second reason for the spherical form of 
the earth is that when we move north and south the stars 
change their positions with respect to the horuon, w'hile 
some even disappear and fresh ones take their place. This 
shows that the direction of the stars has changed as com¬ 
pared with the observer's horizon; hence, the actual direction 
of the stars being imperceptibly aifected by any motion of 
the observer on the earth, the horizons at two places, north 
and south of one another, arc in diOcrent directions, and the 

_ _earth is therefore curved. For 

^ .0 cKample, if a star is visible to an 

observer at a (fig. 12), white to 
\ an observer at b it is at the same 

time invisible^ Li. hidden by the 
^ earthf the surface of the earth 
Fic. 13 .—Tlic a;]r,iitiirfe of 9 t A must be in a different direc- 
the tirth. Uon from that at a, Aristotle 

quotes further, in conriimation of 
the lunndness of the cartn, that traveUers from the far 
and the far West (practically India atrd Morocco) 
^'ke reported the presence of elephants, wherrce it may be 
inferred that the ti^-o regions in question are not vety far 
apart. He also makes use of some rather obscure arguments 
ofan d priori character. 

There can be but little doubt that the readiness with 
which Aristotle, as well as other Greeks, admitted the 
spherical form of the earth and of the heavenly bodies, 
was due to the afTcction which the Greeks always seem 
to have had for the circle and sphere as being " petfcct,” 
fHf, perfectly symmetrical figures. 

30. Anstotle argues against the possilnlity of the revo¬ 
lution of the earth round the sun, on the ground that this 
motion, if it esiated, ought to produce a corresponding 
apparent motion of the stars. U'e have here the first 
appearance of one of the most serious of the many objections 
ever brought against the belief in the mation of the earth, 
an objection really only finally disposed of duiit^ the 
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present century by the discovery that auch a motion of 
the staR GUI be seen iu a few cases, thoui^h oirir^ to ihc 
almost inconceivably great distance of the atais the motion 
is imperceptible except l>y extremely refined methods of 
observation (cf. chapter xiii.n §§ 278, 575). The question 
of the distances of the several ccleatinl bodies is also 
discussed, and Aristotle arrives at the correlmion that the 
planets are farther onf than the sun and moon, supporting 
his view by his observation of an oocultaiion of Mars by 
the moon (rV. a passage of the moon in front of Mars), and 
by the fact ilmt similar observation^ had been made in the 
case of other planets by Egyptians and Babylonians, It 
is, however, difficult to see why he placed the planets 
bcyor>d the sun, as he must have known that the intense 
brilliancy of the sun renders planets invisible in its neigji* 
bourho^, and that no occultaiions of plineU by the sun 
could really have been seen even if they had been reported 
to have taken place. He quotes also, as an opinion of 
“ the rnathemaocifliis,” that the stars must be at least nine 
times as far off as the sun^ 

There ore also in Aristotle's writings a number of astro¬ 
nomical speculations, founded on no solid evidence and of 
little value; thus among other questions he discusses the 
nature of comets, of the Mitky Way, and of the stars, why 
the stars twinkle, and the causes which produce the various 
celestial motions. 

In astronomy, as in other subjects, Amlotle appeara 
to have collected and systematised the best knowledge of 
the lime; but his original contributions are not only not 
comparable with his contributions to the mental and moral 
sciences, but are inferior in value to his work in other 
natural sciences, e.g. Naturali History, Unforiunalely the 
Greek astronomy of his time, still in an undeveloped state, 
was os it were crystaJlised in his writings, and bU great 
authority was invoked, centuries afterwards, by comparatiyely 
unintelligent or i^orant disciples in support of doctrines 
which were plausible enough in his time, but which subac- 
quenl research was shewing to be untenable. 'The advice 
which be gives to his readers at the beginning of his ex- 
position of the planetary motions, to compare his views 
with those which they arrived at themselves or met with 

I 
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elsewhere, might with ad\’antagc have been noted and 
followed by many of the so<aIled Aristotelians of the 
Middle and of the Renaissance.* 

31. After the time of Aristotle the centre of Greek 
scientific thought moved to Alexandria. Kounded by 
Alexander the Great (who was for a time a pupil of 
Aristotle) in 332 B.C, Alexandria was the capital of Egypt 
during the rcign.s of the successive Ptolemies. These 
kings, especially the second of them, sumamed Phila- 
delphos, were patrons of learning; they founded the 
famous Museum, m’hich contained a magnificent library 
as well as an observatory’, and Alexandria soon became 
the home of a distinguished body of mathematicians and 
astronomers. During the next five centuries the only 
astronomers of imj)ortancc, with the great exception of 
Hipparchus (§37), were Alexandrines. 

32. Among the earlier members of the Alexandrine 
school were Aristarthus of Samos, ArisfyUus, and Timo- 
(haris, three nearly contemporary astronomers lielonging 

8 
E 

Fio. 13.—The method of AriaUrebtu for cooporing the disUncei 
of the sun jutd moon. 

to the first half of the 3rd century b.c. The views of 
Aristarchus on the motion of the earth have already been 
mentioned (§ 24X A treatise of his On the Magnitudes 
and Distances of the Sun and Moon is still exUnt: he there 
gi\es an ^extremely ingenious method for ascertaining the 
romparative distances of the sun and moon. If, in the 
figure, E, s, and m tlenote respectively the centres of the 
earth, sun, and moon, the moon evidently appears to an 
observer at e half full ^ when the angle r M s is a right 
angle. If when this is the case the angular distance 
between the centres of the sun and moon, i.e. the angle 
M E s, is measured, two angles of the triangle m e s are 

See, for example, the accoont of Galilei’s cootrovcraics^ in 
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known; its shape is therefore completely determined, and 
the ratio of its sides e m, e s can be calculated without 
much difficulty. In fact, it being known (by a well-known 
result in clementar)' geometry) that the angles at E and s 
arc together equal to a right angle, the angle at s is 
obtained by subtracting the angle s e m from a right angle. 
Aristarchus made the angle at s about 3**, and hence 
calculated that the distance of the sun was from 18 to 20 
times that of the moon, whereas, in fact, the sun is alxHit 400 
times as distant as the moon. The enormous error is due 
to the difficulty of determining with sufficient accuracy the 
moment when the moon is half full: the boundary* separating 
the bright and dark parts of the moon’s face is in reality 
(owing to the irregularities on the surface of the moon) an ill- 
defined and broken line (cf. fig. 53 and the frontispiece), so that 
the observation on which Aristarchus based hb work could 
not have been made with any accuracy even with our modern 
instruments, much less with those a\ailablc in his time. 
Aristarchus further estimated the apparent sixes of the sun 
and moon to be about equal (as is shewn, for example, at 
an eclipse of the sun, when the moon sometimes rather more 
than hides the surface of the sun and sometimes docs not 
quite cover it), and inferred correctly that the real diameters 
of the sun and moon were in proportion to their distances. 
By a method based on eclipse observations which was 
afterwards developed by Hipparchus (§41), he also found 
that the diameter of the moon was about \ that of the 
earth, a result very near to the truth; and the same 
method supplied data from which the distance of the moon 
could at once ha\x been expressed in terms of the radius 
of the earth, but his work was spoilt at this point liy a 
grossly inaccurate estimate of the apparent sixe of the moon 
(2° instead of and his conclusions seem to contradict 
one another. He appears also to have l>elicvcd the dis¬ 
tance of the fixer! stars to be immeasurably great as 
compared with that of the sun. Both his specul^ive 
opinions and his actual results mark therefore a decided 
advance in astronomy. 

Timocharis and Aristyllus were the first to ascertain and 
to record the positions of the chief stars by means of 
numerical measurements of their distances from fixed 
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posttions on ihc skyj they may thus Ik regarded as the 
authors o{ the first real star catalogue, earlier astrononrers 
having only attempted to fix the position of the stars hy 
more or less vague verbal descriptions. They also made a 
number of valuable ohservations of the planeis,, the sun, 
etc., of Mrhich succeeding astronomers, notably Hipparchus 
and Ptolemy, were able to make good use. 

33, Among the important contributions of the Greeks 
to astronomy must be placed the development, chiefly from 
the rnaihcm.itical point of view, of the consequerijccs of the 
rotation of the celestial sphere and of some of the simpler 
motions of the celestial bodies, a development the indi¬ 
vidual steps of which it is difficult to trace, Wc have. 



however, a series of minor treatises or textbooks, written 
for the most port during the Alevandrinc period, dealing 
with this branch of the subject (known generally as 
Spherict, or the I^octrine of the Sphere), of which the 
Phenomemt Of the famous geometer Eutltd (al»ut 300 ii,(x) 
is a good example. It\ addition to the points and circles 
of the sphere already mentioned (chapter i«, §§ S-n), we 
now find explicitly recognised the hormtu, or the great 
dxcle in which a horimniaJ plane through the observ^er 
meets the celestial sphere, and its pole,* the zeiLiUi,t or 

* The pal» of $. fftnt drelc on 4 iphtm ire the end* of a dinniclf r 
jwrpendiculir lo Ihe pt^rx of the gnat drtrlc. Every point m tlw 
gmt circle la at the ammt diaUtnce, ptf', frcrtjtt each pole- 

t The tremf Kfiltb " a Arabic, aol Greek; cE chapter nUt § 64 
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point on the celestial sphere vertically above the obwrvcr; 
the verticals, or great circles ihrouch the reniih, meeting the 
horizon at right angles; and the declination circles, which 
pass through the north and south poles and cut the 
equator at right angles. Another imi)Ortant great circle 
was the meridian, passing through the zenith and the poles, 
rhe wcll'known Milky Way had Ixwn noticed, and was 
regarded as forming another great circle. There are also 
traces of the two chief methods in common use at the 
present day of indicating the jKwition of a star on the 
celestial sphere, namely, l»)' reference either to the equator 
or to the ecliptic. If through a star s we draw on the 
sphere a portion of a great circle s n, cutting the ecliptic t n 
at right angles in n, and another g«»t circle (a declit^on 
circle) cutting the equator at si, and if t be the first point of 
Aries (§ 13), where the ecliptic crosses the equator, then 
the position of the sUr is completely defined either by the 
lengths of the arcs tn, n s, which are called the oelestial 
longitude and latitude respectively, or by the arcs tm, m s, 
callctl respectively the right asceniion ^d declination.* 
For some purposes it is more convenient to find the 
posiu'on of the star by the first method, ue. by reference 
to the ecliptic; for other purposes in the second way, by 
making use of the equator. 

34. One of the applications of Spherics was to the con¬ 
struction of sun-dials, which were supjKJsed to have been 
originally introduced into Greece from Babylon, but which 
were much improved by the Greeks, and extensively used 
both in Greek and in mediaeval times. 'l*he proper gradua¬ 
tion of sun-dials placed in various positions, horizontal, 
vertical, and oblique, required considerable mathematical 
skill. Much attention was also given to the time of the 
rising and setting of the various constellations, and to 
similar questions. 

35. The discovery of the spherical form of the earth 
led to a scientific treatment of the differences between Urn 
seasons in different ports of the earth, and to a correspoim- 
ingydivision of the earth into zones. ^Ve have already 
seen that the height of the pole above the horizon vanes m 

• Most of these names are not Gr«.ek, but of later orifin. 
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diflcrcnt places, and that it was recognised that, if a traveller 
were to go far enough north, he would find the pole to 
coincide with the lenith, wherea<; by going soutli he would 
reach a rr^ion (not very far beyond the limits of actual 
Greek travel) where the pole would be on the horizon 
and the equator consequently pass through the zenith; in 
regions still; farther south the north pole would be per¬ 
manently invisible^ and the south pole would appear almve 
the horbsom 

Further, if In the figure h £ k w' represents the horizon, 
meeting the equator q £ k w in the east and west points E w, 
and the meridian h q z f k in the south and north points 

H and K, z being the zenith 
and P the pole, then it is 
easily seen that Q z Is equal 
to P K, the height of the 
pole above the horizonn 
Any celestial body, there¬ 
fore, the distance of which 
from the equator towards 
the north (declination) is 
less than p e, will cross 
the meridian to the south 
of the zenith, whereas if 
its declination be greater 
than p K, St will cross to 
the north of the zenith- 
Nqw^ the greatest distance 
of the sun from the equator is equal to the angle between 
the ecliptic and the equator, or about 3j j*’. Consequently 
at places at which the height of the pole is less than 33^“ 
the sun will, during ^rt of the year, cast shadow's at midday 
towards the south. This was known actually to he the case 
not very far south of Alexandria. It was similarly recog¬ 
nised th.'U on the other side of the equator there must be 
n region in which the sun ordinarily cast shadows towards 
the south, hut Occasionally towards the north, 'rheim two 
regions are the torrid zones of uicHlern geographers, 

.Again, if the distance of the sun from the equator 
is 33i®, its distance from the pole is therefore in 

regions so Car north that the height p k of the north pole 
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is more than 66|®, the sun passes in summer into the 
region of the circumpolar stars which never set (chapter i., 
§9), and therefore during a portion of the summer the sun 
remains continuously above the horizon. Similarly in the 
same regions the sun is in winter so near the south pole 
that for a time it remains continuously below the horizon. 
Regions in which this occurs (our Arctic regions) were 
unknown to Greek travellers, but their existence was clearly 
indicated by the astronomers. 

36. To Eratosthenes (276 B.a to 195 or 196 Rc), another 
member of the Alexandrine Khool, we owe one of the first 
scientific estimates of the size of the earth. He found 



that at the summer solstice the angular distance of the 
sun from the zenith at Alexandria was at midday y'^th of 
a complete drcunafcrencc, or about 7®, whereas at Syene 
in Upper Egypt the sun was known to be vertical at 
the same time. From this he inferred, assuming Syene 
to be due south of Alexandria, that the distance from 
Syene to Alexandria was also of the circumference 
of the earth. Thus if in the fi^re s denotes the sun, a 
and B Alexandria and Syene respectively,* c the centre of 
the earth, and a z the direction of the zenith at Alexandria, 
Eratosthenes estimated the angle s a z, which, owing to 
the great distance of s, is sensibly equal to the angle s c a, 
to be 7°, and hence inferred that the arc a b was to the 
circumference of the earth in the proportion ^ 7° I® 3^ 
or 1 to 50. The disunce between .Mexandria and Syene 
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L>cing known to be 5.000 stadia, Eratosthenes thus arrived 
at 350,000 sudia as an estimate of the circumference 
of the earth, a number altered into 353,000 in order to 
give an exact number of stadia (700) for each degree on the 
earth. It b evident that the data employed were rough, 
thrmgh the principle of the method is perfectly sound; 
it », however, dif^ult to estimate the correctness of the 
result on account of the uncertainty as to the value of 
the stadium used. If, as seems probable, it was the 
common Olympic stadium, the result b about ao per cent 
loo great, but according to another interpretation • the 
result is less than 1 per cent in error (cf. chapter x., § 331). 

Another measurement due to Eratosthenes was that 
of the obliquity of the ecUptic, which he estimated at 
]|^ of a right angle, or 33“ 51', the error in which is only 
about 7'. 

37. An immense advance in astronomy was made by 
Hipparchus, whom all competent critics have agreed to 
rank fur above any other astronomer of the ancient world, 
and who must stand side by side with the greatest astro 
iromers of all time. Unfortunately only one unimportant 
book of hb has been preserved, and our knowledge of 
hb work is derived almost entirely from the writings of hb 
great admirer and disciple Ptolemy, who lived nearly three 
centuries later 46 scy^.). We have also scarcely any 
information about hb life. He' was bom either at Nicaca 
in Bithynia or in Rhodes, inVwhich island he erected an 
ol»ervatory and did most of his work. There b no 
evidence that he belonged to the Alexandrine school, 
though he pro^bly visited Alexandria and may have made 
some observations there. Ptolemy mentions observations 
made by him in 146 B.C., 136 B.C., and at many inter¬ 
mediate dates, as well as a rather doubtful one of 161 e.c 
T he period of hb greatest actirity must therefore have been 
about the middle of the and century b.c. 

Apart from individual astronomical discoveries, hb chief 
wrviccs to astronomy may be put under four heads. He 
invented or greatly developed a special branch of raathc 

• That of M. Paul Tinncry: Rtdurdus tmr tHubmrt dt CAstro- 
MomH Anacmmt, chap, v. 
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iiMlics,* which enabled processes of numeric^ calculation 
to be applied to geometrical figures, whether in a plane or 
on a sphere. He made an extensive series of obse^tions, 
taken with all the accuracy that his instruments would 
permit. He systematically and critically made use of old 
ol>servations for comparison with later ones so as to 
discover astronomical changes too slow to be detected 
within a single lifetime. Finely, he systematically employed 
a particular geometrical scheme (that of eccentrics, and to 
a less extent that of epicycles) for the representation of the 
motions of the sun and moon. 

38. The merit of suggesting that the motions of the 
heavenly bodies could be represented more simply by com¬ 
binations of uniform circular motions than by the revolv¬ 
ing cA Eudoxus and his school (§ 26) is generally 

attributed to the great Alexandrine mathematician Apol' 
lonius of Perga, who lived in the latter half oi the 3rd 
century B.C., but there is no clear evidence that he worked 
out a system in any detail. 

On account of the important part that this idea played 
in astronomy for nearly 2,000 years, it may be worth 
while to examine in some detail Hipparchus’s theory of 
the sun, the simplest and most successful application of 
the idea. 

We have already seen (chapter i., § 10) that, in addition 
to the daily motion (from cast to west) which it shares with 
the rest of the celestial bodies, and of which wc need here 
take no further account, the sun has also an annual motion 
on the celestial sphere in the reverse direction (from west 
to cast) in a path oblique to the equator, whi^ was early 
recognised as a great circle, called the ecliptic. It must 
be remembered further that the celestial spher^ on which 
the sun appean to lie, is a mere geometrical fiction 
introduced for convenience; all that direct observation 
gives is the change in the sun’s direction, arwl therefore 
the sun may consistently be supposed to move in such a 
way as to vary its distance from the earth in any arbitrary 
manner, provided only that the alterations in the apparent 
size of the sun, causal by the variations in its distance, 
agree with those oteerved, or that at any rate the differences 
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arc not great enough to be perceptible. It wa-s moreover, 
known (probably long before the time of Hipparchus) that 
the sun’s apparent motion in the ecliptic is not quite 
uniform, the motion at some times of the year being 
slightly more rapid than at others. 

Supposing that we had such a complete set of observa* 
tions of the motion of the sun, that we knew its position 
from day to day, how should we set to work to record and 
describe its motion ? For practical purposes nothing could 
be more satisfactory than the methc^ adopted in our 
alntanacks, of giving from day to day the position of the 
sun ; after observations exteiKling over a few years it would 
not be difficult to \Trify that the motion of the sun is (after 
allowing for the irregularities of our calendar) from year to 
year the same, and to predict in this way the place of the 
sun from day to day in future years. 

But it b clear that such a description would not only 
be long, but would be felt as unsatisfactory by any one 
who approached the question from the point of view of 
intellectual curiosity or scientific interest. Such a person 
would feel that these detailed facts ought to be capable 
of being exhibited as consequences of some simpler general 
statement. 

.A m<^em astronomer would effect this by expressing 
ffie motion of the sun by means of an algebraical formula, 
i.v. he would represent the velocity of the sun or its 
distance from some fixed point in its path by some 
symbolic expression representing a quantity undergoing 
changes with the lime in a certain definite way, and 
enabling an expert to compute with ease the required 
position of the sun at any assigned instant.* 

The Greeks, however, had not the requisite algebraical 
knowledge for such a method of representation, and Hip¬ 
parchus, like his predecessors, made use of a geometrical 

* The process m«y be wo^b illustnitini^ by means of a aim pier 
problem. A heavy body, falling freely under gravity, Is found (the 
restsUnce of the air being allowed for) to (ail about l6 feet in 
I second, 64 f^t in 2 seconds, 144 feel in 3 seconds, 256 feel in 
^ If®* ” 5 seconds, and so on. This aeries of figures 

carried on as far as may be required would satisfy practical re- 
^juiwmcnts, supplemented If desired by the corre sp onding figures 
for fractions of seconds ( but the mathematician represents the same 


43 


i Ml 


Hipf*arthus 


representation of the required variations in the sun’s motion 
in the ecliptic, a method of representation which is in some 
respects more intelligible and vwd than the use of algebra, 
iMit which becomes unmanageable in complicated cases. 
It runs moreover the risk of being taken for a mechanism. 
The circle, teing the simplest curve known, would naturally 
be thought of, and as any motion other than a uniform 
motion would itself require a special representation, the 
idea of Apollonius, adored by Hipparchus, was to devise 
a proper combination of uniform circular motions. 

3a The simplest device that was found to be satisfactory ^ 
in the case of the sun was the use of the ecoentri^ r/. a 
circle the centre of which (c) docs not coincide with the 
position of the observer on the earth (e). If in 6g. 17 a 
point, s, describes the eccentric circle a r c b uniformly, 
so that it always passes owr equal arcs of the circle in 
equal times and the angle a c s increases uniformly, then 
it is evident that the angle a e s, or the apparent distance 
of s from A, docs not increase uniformly. When s is near 
the point a, which is farthest from the earth and hence 
called the apogee, it sq>pears on account of its greater 
distance from the observer to move more slowly than when 
near r or c; and it appears to move fastest when near b, 
the point nearest to e, hence called the perigee. Thus the 
motion of s varies in the same sort of way as the motion 
of the sun as actually observed. Before, however, the 
eccentric could be considered as satisfactory, it was^ ucces- 
sary to show that it was possible to choose the direction 
of the line b e c a (the line of apsee) which determines ^e 
positions of the sun when moving fastest and when moving 
most slowly, and the magnitude of the ratio of e c to the 
radius c a of the circle (the eccentricity), so as to make 
the calculated positions of the sun in various parts of lU 
path differ from the observed positions at the corresponding 


facts more simply and In • way more aatbfactocy to the mind by the 
formula a — lo /*, where a denotes Ibe number of feet fallen, aim 
/ the number of seconds. By giving / any ,‘7 

roriWonding apace fallen through ia at once obuincd. Similarly 
the motion of the aun can be represented approainmlely by w 
more complicated formala / - n/ 3 # «»• 
distance from a fixed point in the orbit, I the tunc, and m, * certain 


numerical quantities. 
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times of year by quantities so small that they might fairly 
be attributed to errors of observation. 

This problem was much more difficult than might at first 
sight appear, on account of the great difficulty experienced 
in Greek times and long afterwards in getting satisfactory 
observations of the sun. As the sun and stars are not 
visible at the same time, it is not possible to measure 
directly the distance of the sun from neighbouring stars 
and so to fix its place on the celestial sphere, but it 



is possible, by measuring the length of the shadow cast by 
a rod at midday, to ascertain with fair accuracy the height 
of the sun above the horizon, and hence to deduce its 
ffis^ce from the equator, or the declination (figs. 3, 14). 
This one quanUty does not suffice to fix the sun’s position, 
but if also the sun’s right ascension (§ 33), or its distance 
cast and west from the stars, can be accurately ascertained, 
ito place on the celestial sphere is completely determined. 
T he methods available for determining this second (juontity 
w^cre, however, very imperfect. One method was to note 
the lime between the passage of the sun across some fixed 
position in the sky the meridian), and the passage of 
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a star across the same place, and thus to ascertain the 
angular distance Ijetween them (the celestial sphere being 
known to turn through 15® in an hour), a method which 
with modem clocks is extremely accurate, but with the 
rough water-docks or sand-glasses of former times was very 
uncertain. In another method the moon was used as a 
connecting link between sun and stars, her position relative 



Fio. 18.—The poiition of the »ua’s apogee. 


to the latter being observed by night, and with respect to 
the former by day; but owing to the rapid motion of the 
moon in the intcr^ between the two observations, this 
method also was not susceptible of much accuracy. 

In the case of the particular problem of the deter¬ 
mination of the line of apses, Hipparchus made use of 
another method, and bis skill is shewn in a striking ma^er 
by his recognition that both the eccentricity and pmition 
of the apse line could be determined from a knowledge of 


46 A Short History of Astronomy {Cm. 11. 

the lengths of two of the seasons of the year, i>. of the 
intervals into which the year is divided by the solstices 
and the equinoxes (§ ii). By means of his own observa¬ 
tions, and of others made by his predecessors, he ascer¬ 
tained the length of the spring (from the venul er{uinox to 
the summer solstice) to be 94 day^ and that of the summer 
(summer solstice to autumtial equinox) to be 92J days, the 
length of the year being 365I days. As the sun moves 
in each season through the same angular distance, a right 
angle, and as the spring and summer make together more 
than half the year, and the spring is longer than the 
summer, it follows that the sun must, on the whole, be 
moving more slowly during the spring than in any other 
season, and that it must therefore pass through the apogee 
in the spring. If, therefore, in fig. 18, we draw two 
perpendicular lines q e s, p f. r to represent the directions 
of the sun at the solstices and equinoxes, p corresponding 
to the vernal equinox and r to the autumnal equinox, the 
apogee must lie at some point a l)etwcen p and Q. So 
much can be seen without any mathematics: the actual 
calculation of the position of a and of the eccentricity is 
a matter of some complexity. The angle pea was found 
to be about 65% so that the sun would pass through its 
apogee about the beginning of June; and the eccentricity 
was estimated at 

The motion being thus represented geometrically, it 
became merely a matter of not very difficult calculation to 
construct a table from which the position of the sun for 
any day in the year could be easily deduced. This was 
done by computing the so-called equation of the centre, 
the angle c s e of 17, which is the excess of the actual 
longitude of the sun over the longitude which it would 
have had if moving uniformly. 

Owing to the imperfection of the ol)scrvations used 
(Hipparchus estimated that the times of the equinoxes and 
solstices could only be relied upon to within about half a 
day), the actuxd results obtained were not, according to 
modem ideas, very accurate, but the theory represented 
the sun’s motion with an accuracy about as great as that 
of the observation. It is worth noticing that with the 
same theory, but with an improved >'alue of the eccentricity. 
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the motion of the sun can be represented so accurately 
that the error never exceeds about 1', a quantity insensible 
to the naked eye. 

The theory ^ Hipparchus represents the variations in 
the distance of the sun with much less aocurac}', and 
whereas in fact the angular diameter of the sun varies by 
atout j'jlh part of itself, or 1^ about T in the course of 
the year, this variation according to Hipparchus should be 
about twice as great But this error would also have l>een 
quite imperceptible with his instruments. 

Hipparchus saw that the motion of the sun could equally 
well Le represented by the other device suggested by 
Apollonius, the epi¬ 
cycle. The l)ody the 
motion of which is to be 
represented is supposcil 
to move uniformly / 
round the circumference / 
of one circle, called the / 
epicycle, the centre of ! 
which in turn moves on 1 
another circle called the \ 
deferent It is in fact \ 
evident that if a circle 
equal to the eccentric, 
but with its centre at e 
(fig. 19), be taken as Fig. 19.—The cpkycic and the deferent. 

the deferent, and if s' 

be taken on this so that e s' is parallel to c s, then s' s is 
parallel and equal to e c; and that therefore the sun s, moving 
uniformly on the eccentric, may equally well be regarded 
as lying on a circle of radius s' S the centre s' of which 
moves on the deferent, 'live two constructions lead in 
fact in this particuKir problem to exactly the same result, 
and Hipparchus chose the eccentric as l>eing the simpler. 

40. 'I*hc motion of the moon l»eing much more conj- 
plicated than that of the sun has always presented difficulties 
to astronomers,* and Hipparchus required for it a more 
elaborate construction, ^me further description of the 

• At the present tioic there is Will s sbisH discrepsney between the 
observed and cslculslcd plsces of the moon. See clwptcr xiii., J 090. 




48 .4 Sh/frt of .^strammy (Cii, If. 

moon^s motion is, however, necessity before discussing his 
theory. 

We have slready spoken, (chapter i., § i6) of the luruiT 
month as the fieriod during which the moon returns to the 
Mine position with respect to the sun; more precisely this 
period (iibout days) is spoken of as a Innatian or 
tynedlo month; as, however, the sun moves eastward on 
the celestial sphere like the moon but more slowly, the 
moon returns to the same pevsition with respect to the 
ftnrs in a somewhat shorter time; this period (about 17 
days S hours) is known as the iidefeal month. Again, the 
moon^s path on the celestial sphere is slightly inclined to 
the edipti^ and may be redded approximately as a great 
circle cutting the ecliptic in two nedei, at an angle which 
Hipparchus was probably the first to fix definitely at 
about 5® Moreover, the moon^s path is always changing 
in such a way that, the inclination to the ecliptic remaining 
nearly constant (but cf, chapter v., § ni), the nodes move 
slowly backwards (from east to west) along the ecliptic, 
performing a complete revolution in about 19 years. It is 
therefore convenient to give a special name, the drseoidtio 
month,* to the period (about 17 days 5 hours) during which 
the moon returns to the same position with respect to the 
nodes. 

Again, the motion of the moon, like that of the sun, is 
not uniform, the variations being greater than in the case 
of the sun, Hipparchus appears to have been the first to 
discover that the part of the moon's path m which the 
motion is most rapid is not always in the same position on 
the celestial sphere, but moves continuously; or, in other 
words, tlut the line of apses (§ 39) of the wooti^s path 
moves. The motion is an advance, and a complete circuit 
is described in about nine years. Hence arises a fourth 
kind of month, the ajiamBlistie munth, which is the period 
in which the moon returns to apogee or perigee* 

To Hipparchus is due the credit of fixing with greater 

• The nxme It Snterestirg' u x r^moiDt of a vory early supcnlE- 
tion. Ediptca, which atwii>>a occur near ihc ncd^ Wert al one 
Hnic sup-jraaej |* be causej hy a drajon which devoured iho Stin 
or moon. The H^»ti«U j) ® atil] used Co denote the Iwo nodes 
ftrt aoppovd lo rtprescBt the head and tail of Eh* drapaic 
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exactitude than before the lengths of each of these months. 
In order to determine them with accuracy he recognised 
the importance of comparing observations of the moon 
taken at as great a distance of time as possible, and saw 
that the most satisfactory results could be obuined by 
using Chaldaean and other eclipse observations, which, 
as eclipses only take place near the moon's nodes, were 
simultaneous records of the position of the moon, the 
nodes, and the sun. 

To represent this complicated set of motions, Hipparchus 
used, as in the case of the sun, an eccentric, the centre of 
which described a circle round the earth in about nine 
years (corresponding to the motion of the apses), the plane 
of the cccentnc being inclined to the ecli^ic at an angle 
of 5^, and sliding back, so as to represent the motion of 
the nodes already described. 

The result cannot, however, have been as satisfactory as 
in the case of the sun. The variation in the rate at which 
the moon moves is not only greater than in the case of 
the sun, Ixit follows a less simple bw, and cannot be adc* 
ouately represented by means of a single eccentric; so 
tiut though Hipparchus’ work would have represented the 
motion of the moon in certain parts of her orbit with fair 
accuracy, there must necessarily haw been elsewhere dis¬ 
crepancies between the calculated and observed places. 
There is some indication that Hipparchus was aware of 
these, but was not able to reconstruct his theory so as to 
account for them. 

41. In the case of the planets Hipparchus found so 
small a supply of satisfactory observations by his prede¬ 
cessors, that he made no attempt to construct a system 
of epicycles or eccentrics to represent their motion, but 
collected fresh observations for the use of his successors. 
He also made use of these observations to determine with 
more accuracy than before the average times of revolution 
of the several planets. 

He also m^e a satisfactor)* estimate of the sue and 
distance of the moon, by an eclipse method, the leading 
idea of which was due to Aristarchus ($ 33); by observing 
the angular diameter of the earth’s shadow (q k) at the 
distance of the moon at the time of an eclipse, and comparing 

4 
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F*c. 30 .— Tbe cclipte method 
connecting the dntancca 
oi the sun moon. 


it with the known angular dta* 
meters of the sun and moon, 
he obtained, by a simple cal¬ 
culation,* a rebtion l^tween 
the distances of the sun and 
moon, which gives either when 

* In the figare, which is taken 
from the Dt RtvohttiombHa of 
Coppemicua (chapter tv., $ 85), 
let D, K, M represent respectlvdy 
the centres of the sun, earth, and 
moon, at the tine of an eclipse of 
the moon, and let s q o, s a B denote 
the boondarics of the ihadow-eone 
cast by the earth; then q n, drawn 
at right angles to the axis of the 
cone, is the breadth of the shadow 
at the distance of the moon. We 
have then at once from similar 
triangles 

o a —g M : A 0—0 x ;; m a : a o. 
Hence if a o » n . m a and 
also A D n . fradius of moon), m 
being 19 according to Aristarchus, 
c a-QH :n. (radius of moon)—c a 
I im 

M . (radius of moon)—c a 

•m M G a — N QM 

.*. radius of moon -f- radius of 
shsdow 

— (t + “ ) (radius of earth). 

Byobservation the angular radius 
of the shadow was found to be 
about 40' and that of the moon to 
be 15', so that 

radius of shadow v { radius of moon; 
.% radius of moon 

“ A (• ♦ —) (radius of earth). 
But the angular radius of the moon 
being 1$', its distance is necessarily 
about 230 times its radius, 
and distance of the moon 

K 60 (1 + 1) (radius of the earth), 

which is roughly Hipparchus's 
result, if M be omy fairly large 
number. 
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the other is known. Hipparchus knew that the sun was 
very much more distant than the moon, and appears to 
have tried more than one distance, that of Aristarchus among 
them, and the result obtained in each cose shewed that 
the distance of the moon was nearly 59 times the radius 
of the earth. Combining the estimates of Hippordius and 
Aristarchus, we find the distance of the sun to be about 1,200 
times the radius of the earth—a number which remained sub* 
stantiaily unchanged for many centuries (chapter viit., § 161). 

42. The appearance in 134 b.c. of a new star in the 
Sa^ion is said to have suggested to Hipparchus the 
construction of a new catalogue of the stars. He included 
1,080 stars, and not only gave the (celestial) latitude and 
longitude of each star, but divided them according to their 
brightness into six magnitudes. The constellations to which 
he refers are nearly identical with those of Eudoxus (§ 26), 
and the list has undergone few alterations up to the present 
day, except for the addition of a number of southern con* 
stcllations, invisible in the cirilised countries of the ancient 
world. Hipparchus recorded also a number of cases in 
which three or more stars appeared to be in line with one 
another, or, more exactly, lav on the same great circle, 
his object ^ing to enable subsecjuent observers to detect 
more easily possible changes in the positions of the stars. 
The catalogue remained, with slight alterations, the standard 
one for nearly sixteen centuries (cf. chapter in., § 63). 

'Fhe construction of this catalogue led to a notable 
discovery, the best known probably of all those which 
Hippajchus made. In comparing his observations of certxun 
stars with those of Timochoris and Aristyllus (§ 33), made 
about a century and a half earlier, Hipparchus found that 
their distances from the equinoctial points had changed. 
'Fhus, in the case of the bright star Spica, the distance 
from the equinoctial points (measured eastwards) had 
increased by about 2° in 150 years, or at the rate of 48’ per 
annum. Further inquiry showed that, though the roughness 
of the observations produced considerable variations in the 
case of different stars, there was evidence of a general 
increase in the longitude of the stars (measured from west 
to cast), unacounpanied by any change of latitude, the 
amount of the change being estimated by Hipparchus as 
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at least 36* annqiiMjf^;^ and possibly more. 'L'hc agreement 
between the motion; of different stars was enough lo 
justify him in concluding that the change could be 
accounted for,, not as a motion of individual stars, but 
rather as a change in the poflition of the equinoctial 
points, from which longitudes were measured. Now these 
points are the intersection of the equator and the ecliptic 1 
consequently one or another of these two circles must have 
changed. But the fact that the latitudes of the stars had 
undergone no change shewed that the ecliptic must have 
retained its position and tliat the change had been caused 



by a motion of the equator. Again, HipjKirchus measured 
the obliquity of the ecliptic as several of his predecessors 
liad done, and the results indicated no appreciable change- 
Hipparchus accordingly Inferred that the equator was, as 
it were, slowly sliding backwards {U* from cast to west)^ 
keeping a constant inclination to the ecliptic. 

The argument may be made clearer by figures. In 
fig. 21 let TM denote the ecliptic, rr) the equator, a a 
star as seen by Timochorts, s w a great circle drawn per¬ 
pendicular to the ectiptic. Then s >1 is the Intiludc, tji 
ih e longitude. Let S' denote the star as seen by H ipparchus j, 
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ihen he found that s' u was equal to the former s m, 
but that tm' was greater than f the former tm, or that m' 



was slightly to the cast of u. This change m m' being 
nearly same for all stars, it was simpler to attribute it 
to an equal motion in the 
opposite direction of the 
point T, say from t to t' 

(fig. 33), f^. by a motion of 
the equator from tn to 
t'n', its inclination w' t'm 
remaining equal to its former 
amount nth. The general 
cficct of this change is shewn 
in a different way in fig. 33, 
where t t' <s <s' being the 
ecliptic, A B c D represents 
the equator as it appeared 
in the time of Timocharis. 
a' b 'd d' (printed in red) 
the same in the time of 
Hipparchus, t, ^ being the 

earlier positions of the two equinoctial points, and T*, a* ^ 
the later positions. 
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The annual motion t t' was, as has been stated, estimated 
by Hipparchus as being at least 36* (equivalent to one 
degree in a centur)), and prolwbly more. Its true value is 
considerably more, namely about 50*. 

An important consequence of the motion of the equator 
thus discovered is that the sun in its annual journey round 
the ecliptic, after starting from the equinortial point, returns 
to the new position of die equinoctial point a little before 
returning to its original position with respect to the stars, 
and the successive equinoxes occur slightly earlier than they 
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otherwise would. From this fact is derived the name pre- 
oettion of the equinoxes, or more shortly, precessioii, which 
is applied to the motion that we have been considering. 
Hence it becomes necessary to recognw, as Hipparchus 
did, two different kinds of year, the tropical year or period 
required by the sun to return to the same position with 
respect to the equinoctial points, and the sidereal year or 
period of return to the same position with respect to the 
stars. If T t' denote the motion of the equinoctial point 
during a tropical year, then the sun after starting from the 
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equinoctial point at t anives—at the end af a tropical 
year—at the npw equinoctial point at t'; but the sidereal 
year is only complete when the sun has further desciibed 
the arc tW and returned to its original starting-point 
lienee, taking the modem estimate 50'' of the arc f t', the 
sun, in the sidereal year* describes an arc of 360®, in the 
tropical year an arc less by 50", or^sp® 59' > the lengths 

of the two years are therefore in Uns proportion, and the 
amount by which the sidereal year eKoeeds the tropical 
year bears to cither the same ratio as 50* to 360® (or 

1,296,000"), and is therefore 

minuteSf 

Another way of expressing the amount of the piMcssion 
is to say that the equinoctial point will deKribc the 
complete circuit of the ecliptic and return to the fiame 
position after about 26,000 years. 

The length of each kind of year was alw fiited 
by Hipparchus with considcmible accura^. lhat of 
the tropical year was obtained by comparing the times 
of soUticcs and equinoKcs observed hy cather astrono¬ 
mers with those observed by himself. He found, for 
example, by comparison of the date of the summer solst it* 
of iSo ftc, observed by Arbiaichus of Sanios, with lhat 
of the year 135 U.C., that the current estimate of 365! 
days for the length of the year had to be diminished 
l^y of a day or about five minutes, an estimate 

coniinued roughly by other cases. It is interesting to 
note as an illustration of his sdcjitific method that he 
discusses with some care the possible error of the observa¬ 
tions, and concludes that the time of a solstice may be 
erroneous to the extent of about I day, while that of an 
equinox may be expected to be within ^ day of the truth. 
In the illuBtratian given, this would indicate a possible 
error of days in a period of 145 years, or nliout 15 
minutes in a year. Actually his estimate of the Length of 
the yetr ia about six minutes too and the error is 

thus much less than that which he indicated as possible. 
In the course of this work he considered also the possibility 
of a change in the length of the year, and arrived at the 
conjclusion that, althou^ his □bscrvatioitsi were not precise 
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enough lo show dehnitcly ihe invariabilily of the year, there 
was no evidence to suppose that it had changed^ 

The length of the tropical year being thus evaluated at 
365 days 5 hours 55 minuics, and the difference between 
the two kinds of year being given by the observations of 
precession, the sideteali year was ascertained to exceed 
365J days by about 10 minutes, a result agreeing almost 
ejactly with modern estimates. That the addition of two 
erroneous quantities, the length of the tropical year and the 
amount of the precession, gave such an accurate result was 
not, as at first sight appears, a mere accident. The chief 
source of error in each case Ijeing the erroneous times of 
the several equinoxes and solstices employed, the errors 
in them would lend to produce errors of opposite kinds 
in the tropical year and in precession, so that they iivould in 
part compensate one another. This estimate of the length 
of the sidereal year was probably also to some extent 
verified by Hipparchus by comparing eclipse observations 
made at different epochs. 

43. 'fhe great improvements which Hipparchus effected 
in the iheoriea of the sun and moott naturaJly enablerl him 
to deal more successfully than any of his predecessors with 
a problem which in all ages has been of the greatest interest, 
the prediction of eclipr^ of the aun and moon. 

That eclipses, of the moon were caused by the passage 
of the moon through the shadow of the earth thrown by 
the sun, or, in other words, by the interposition of the 
earth between the sun and moon, and eclipses of the sun 
by the passage of the moon between the sun and: the 
observer, was perfectly well known to Greek astronomcTs 
in the time of Aristotle (§ 29), and probably much earlier 
(chapter J,, § 17), though the knowledge was probably 
confined to comparatively few people and superstitious 
terrors were long associated writh eclipses, 

The chief dithculty in dealing with eclipses depends 
on the fact that the moon's path does not coincide 
with the ecliptic. If the moon's path on the celestial 
sphere were idcnlical with the ecliptic, then, once every 
month, at new' moon, the moon {») would piss exactly 
between the earth and the sun, and the latter would be 
eclipsed, and once exery month also, at full moon, the 
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moon (m') would be in the opposite direction to the sun 
as seen from the earth, and would consequently be obscured 
by the shadow of the earth. 

As, however, the moon’s j>aih is inclined to the ecliptic 
(§ 40), the btitudes of the sun and moon rnay differ by 
as much as 5®, cither when they are in ooxyunction, />. 
when they haw the same longitudes, or when they are 



in oppocition, i^. when their longitudes differ by 180®, 
and they will then in either case be too for apart for an 
eclipse to occur. Whether then at any full or new moon 
an eclipse will occur or not, will depend primarily on the 
latitude of the moon at the time, and hence upon her 
[KMiUon with respect to the nodes of her orbit (§ 40). If 
conjunction takes place when the sun and moon happen 



to be near one of the nodes (n), as at s m in fig. 26, the 
sun and moon will be so close together that an eclipse 
will occur; but if it occurs at a considerable distance from 
a node, as at s'*!', their centres arc so far apart that no 
eclipse takes place. 

Now the apparent diameter of cither sun or moon i^ 
as we have seen (§ 32), about ; consequently when their 
discs just touch, as in fig. 27, the distance between thdr 
centres is also about |®. If then at conjunction the dis¬ 
tance between their centres is less than this amount, an 
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eclipse of the sun will take pto; if not, there will be no 
eclipse. It is an easy calculation to determine (in fig. 26) 
the length of the side N s or N m of the triangle n m s, 
when s M has this value, and hence to 

8 determine the greatest distance from the 
node at which conjunction can take place 
if an eclipse is to occur. An eclipse of 
the moon can be treated in the same way, 
except that we there have to deal with the 
moon and the shadow of the earth at the 
distance of the moon. The apparent size 
Ficjt— Theaun shadow is, however, considerably 

and moon. greater than the apparent sire of the moon, 
and an edipse of the moon takes place if 
the distance between the centre of the moon and the centre 
of the shadow is less than about i®. As before, it is easy 
to compute the distance of the moon or of the centre of the 
shadow from the node when opposition occurs, if an eclipse 
just takes place. As, however, the apparent sizes of both 
sun and moon, and consequently also that of the earth’s 
shadow, vary according to the distances of the sun and 




Fio. 38.—PutUl edipse of 
the moon. 


Fig. 29.—Toul eclipse of 
the moon. 


moon, a variation of which Hipparchus had no accurate 
knowledge, the calculation becomes really a good deal more 
complicated than at first sight appears, and was only dealt 
with imperfectly by him. 

Eclipses of the moon are divided into partial or total, 
the former occurring when the moon and the earth’s 
shadow only overlap partially (as in fig. aS), the latter 
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when the imocm's diAc \a completely intincrsed in the 
•shadow (fig. io). Jn the same way an eclipse of the sun 
may bu partial or total; but as the sun’s disc nuiy be nit 
limes slightly Urger than that of tlic it soiuctimes 

happens also Umt the whole disc of the sun is hidden 
by the moon, CKoept a narrow ring round the edge (as 
in fig. 30); such an eclipse is called uiauIbj, As the 
earth’’s shadow nt the dUtamce of the moon 
15 always brgei than the hiooihi'b disc, annular 
eclipses of the moon cannot occur, 

I'hus eclipses lake place if, and only if, 
the distance of the moon from a node at 
the lime of conJunciSon or opposilion lies ^o.—AntnilBf 
within certain limitsi approaimiitcly known j edipM of the 
and the problem of predicting eclipses unw. 
could l>c roughly solved by such knowledge 
of the motion of the moon and of the nodes as Hipparchus 
possessed. Moreov'cr, the length of ihe synodic and 
dracouitic months (§ 40) being once ascertained, it became 
merely a matter of arithmetic to compute one or more 
periods after which eclipses would recur nearly in the same 
manner^ For if any period of time contain! an cmcI 
numtjcr of each kind -of month, and if at any time an 
cclifse occurs, then after the lapse of the period, corr* 
junction (or opposition) again takes place, and the moott 
ta at the same distance as l>cforc from the node and the 
ecli|KSe recurs very muGb ns before. The saroa, for examplle 
(chapter i., § lyX contained very nearly aij synodic or 
24? dmconitPC months, differing from either by less than 
an hour. Hipparchus saw that thui period wm not cora^ 
pktely reliable as a means of ptediedng cclii>sea, and 
showed how to allow for the irrc^larities in the moon's 
ond sun's motion (§§ 39* which were ignored by it. 
but ift'as Unable to deal fully w'iih the difficulties arising 
from the variations in the apparent duHnetm of the sun 
or moon. 

An important complicaiion, however, arises in the catc 
of eclipses of the sun, which had been noticed by earlier 
writers, kit which Hipparchus was the first to deal with. 
Since an cclipae of the moon is an actual darkening of the 
moon, it is visible to anybody^ wherever siluatcd, who can 
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see the m.oon at all; for eKamplp* lo possible inhabitants 
of other planets, just &s we on the earth can see predseljT 
similair eclipses (rf Jupitcr^s moons- An eclipse of the aun 
is, however, raereljf' the screening olT of tlie sun's light from 
a pmticiiEar observer, anti the sun may therefore be eclipsed 
to one oljsetver white to anolher elsewhere it is visible iM 
usual. Hence in computing an ecli^c of the sun it is 
necessary to lake into account the position of the observer 
on the earth- *l’he simplest way of doing this is to make 
allowance for the dilTerence of direction of the moon as 
seen by an observer at the place in question, and by an 
observer In some standard position on the earth, preferably 



an ideal ol^ervcr at the centre of the earth. If, in 
fig- jr» M denote the moon, c the centre of the earth, 
A a point on the earth between c and m (at which therefore 
the moon is overhead), and u any other point on the earth, 
then observers at c (or a) and b see the moon in slightly 
different directions, c JU, d the dj/Terence between which 
is an angle known as the paxaHaat, which h equal to the 
angle u M c and depends on the distance of the moon, 
the size of the earth, and the position of the obaerti'er 
at B. In the case of the sun, owing to its great distance, 
even as estimated by the Creeks, the parallax was in all 
cases too small to be taken into account, but in the case 
of the moon the parallax might be as much as 1° and 
could not be neglected. 
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If then the path of the moon, as seen from the centre 
of the earth, were known, then the path of the moon as 
seen from any particular station on the earth could be 
deduced by allowing for parallax, and the condiliotw of 
an eclipse of the sun visible there could be computed 
accordingly. 

From the time of Hipparchus onwards lunar eclipses 
could easily be predicted to within an hour or two by 
any ordinary astronomer; solar eclipM probably with less 
accuracy; and in lx>th cases the pr^iction of the extent of 
the eclipse, i.r. of what portion of the sun or moon would 
be obscur^, probably left very much to be desired. 

44. The great services rendered to astronomy by Hippar¬ 
chus can hardly be better expressed than in the words U 
the great French historian of astronomy, Delambrc, who is 
in general no lenient critic of the work of his predecessors:— 

•• Wien wc consider all that Hipparehos invented or perfected, 
and reflect upon the number of bis »wks and the mass of 
calcuUtioos which they imply, we must regard him as one of 
the most astonishing men of antiquity, and as the greatest of all 
in the sdeoces which are not purely speculative, and which 
require a combination of geometrical knowledge • 

knowledge of phenomena, to be^ observed only by diligent 
attention and refined instruments." • 

For nearly three centuries after the death of Hippar¬ 
chus, the history of astronomy is idmost a blank. Sevt^ 
textbooks written during this period w ext^t, shewing 
the gradual popularisation of his great discovcnca. Amo^ 
the few things of interest in these books may be noticed 
a statement that the stars arc not necessarily on the sur¬ 
face of a sphere, but may be at diffcreni distwees from 
us, which, however, there arc no means of cslimatmg; a 
conjecture that the sun and stars are so (ar off that the ca^ 
would be a mere point seen from the sun and invisible 
from the sUrs; and a rc-sutement of an old 
iradiuonally attributed to the Kgyptiam (whether of the 
Alexandrine period or earber is uncertain), that Venus aiw 
Mercury revolve round the sun. It seems also that m this 
period some attempts were made to explain the planetar) 

• dt fAtSrottomut Amunm, VoL 1., p. 
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motions by means of epicycles, but whether these attempts 
marked any ad^Tince on what had been done by Apollonius 
and Hipparchus is uncertain. 

It is interesting also to find in Pliny (a.d. 23-79) the 
well-known modem argument for the spherical form of the 
earth, that when a ship sails away the masts, etc., remain 
visible after the hull has disappeared from view. 

A new measurement of the circumference of the earth by 
Posidonius (bom about the end of Hipparchus’s life) may 
also be noticed; he adopted a meih^ similar to that of 
Eratosthenes (§ 36), and arrived at two different results. 
The later estimate, to which he seems to have attached 
most weight, was 180,000 stadia, a result which was about 
as much below the truth as that of Eratosthenes was 
above it . 

46. The last great name in Greek astronomy is that 
of Claudius Ptolemaetis, commonly known as Ptolemy, of 
whose life nothing is known except that he lived in 
Alexandria about the middle of the and century a.d. 
His reputation rests chiefly on his great astronomical 
treatise, known as the Alma/rcstp which is the source 
from which by far the greater port of our knowledge of 
Greek astronomy is derived, and which may be fairly 
regarded as the astronomical Bible of the Middle Ages. 
Several other minor astronomical and astrological treatises 
are attributed to him, some of which are probably not 
genuine, and he was also the author of an important work 
on geography, and possibly of a treatise on Optics, which 
is, however, not certainly authentic and maybe of /Vrabian 
origin. The Optus discusses, among other topics, the 
refraction or bending of light, by the atmosphere on the 
earth; it b pointed out that the light of a star or other 
heavenly body s, on entering our atmosphere (at a) and on 
penetrating to the lower and denser portions of it, must 
be gradually bent or refracted, the result being that the 

* The chief MS. bean the title or i^reat conposi- 

tion .though the author refers to his book elsewhere ss 

(mathematical compoaiiioo). The Arabian transbtora, cither 
through admiration or carckasocsi, converted >ir|rdXv, great, into 
-yiofrr^ greatest, and hence it bccaine known bjr the Arabs as 

itagtsh, whence the Latin Almagtsium and our 
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SOI appcaxs to the observer at v nearer to the zenith i 
than it actually is, r>. the light appears to come from s' 
instead of from $; it is shewn further that this dfect must 
be greater for bodies near tli:e borijcon than for those near 
the zenith, the light from the fcrmEr travelling through 
a greater e^rtent of atmosphere j and these results are 
shewn to account for certain observed deviations in the 
daily paths of the stars, by which they appear unduly 
raised up when near the hoiizoru Refraction also explains 
the welt-known flattened appmance of the sun or moon 
when rising or setting, the lower edge being raised by 
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refraction more than the upper, so that a contraction ^ of 
the vertical diameter results, the horizontal contiaclion 
being much leas.* 

47* 'Fhc A/ttitjgri/ is avowedly based largely on the work 
of earlier astronomers, and in particular on that of Hippar' 
chus, for whom Ptolemy continually expresses the greatest 
admiration and respect. Many of its contents have there¬ 
fore already been dealt with by anticipation, and need not 
be discussed again in detail The book p^ys, however, 
such an irnpoirtant port in aatronomEcal history, that it 
may Iw worth while to give a short ouiHne of its contents, 

* llic befUr biiOWQ appererE ealar|tflncnl af ttv*: nm ot moon 
whflO risinjt or Mtlinp IwS nothinc lo do nvith refnetioa- « is >n 
opticA] iHusioTi noft Very bitt ppolMb-Jy qup 

IciScr britliStHy' of tbe 111111 at the tinic. 
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addition to dealing more fully wilb the parts in which 
Plolemy made impor^nt advances. 

The Ainiagiit consists altogether of 13 books. The 
first two deal with the simpler observed facts, such as the 
daily motion of the celestial sphere, anti the general 
motions of the sun^ moon, and planets, and also with a 
numlicrof topics connected with the celestial sphere and 
its motion, such as the length of the day and the times 
of rising and setting of the stars in difTerent zones of the 
earth ; there are also given the solutions of some important 
mathematical problems,* and a mathematical table t of 
considerable accuracy and extent- But the most interest' 
ing parts of these intiodtictoty books deal with what may 
be called the postulates of Ptolemy's astronomy {Book l-t 
i^ap- iL). 'l‘he first of these is that the earth is spherical; 
Ptolemy discusses and rejects various alternative views^ 
and gives several of the usual positive arguments for a 
spherical form, omitting, however, one of the strongest, 
the eclipse argument found in -■^istotle (§ 39), possibly 
as being too recondite and dilheult, and adding the 
argument based on the increase in the area of the cartlt 
visible when the observer ascends to a height. In his 
geography he accepts the estimate given by Posidonius 
that the cbcumference of the earth is 1 So,000 stadia. The 
other postulates which he enunciates and for which he 
argues are* that the heavens are spherical and revolve like 
a sphere; that the earth is in the centre of the heavens, 
and is merely a point in oom|joiison with the distance of 
the fixed stars, and that it has no motion. The position 
of these imstulatos in the treatise and Ptolemy's general 
method of procedure suggest that he was treating them, not 
so much as important results to be established by the best 
possible evidence, but rather as assumptions, more pro- 
liable than any others with which the author was acquainted, 
on which to base mathematicat calculations which should 
eitplaln observed phenomena-^ His attitude is thus 

* In ■pherini IrisanomcLry, 

t A tiitilc of dior^s (ar devutk siem of hDif-Aci ginl for every If’ 
from tP b;i 

Hia procedure iniy be emnpared wkL thut of ■. poliltCRl 
ccenomiat of ihc school of Rimdo, who, in order to utobluh Mote 
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essentially diflTerent from that either of the early Greeks, 
such as Pythagoras, or of the controversialists of the i6th 
and early 17th centuries, such as Galilei (chapter vt.), for 
whom the truth or falsity of postulates analogous to those 
of Ptolemy was of the very essence of astronomy and was 
among the 6nal objects of inquiry. The arguments which 
Ptolemy produces in support of his postulates, arguments 
which were probably the commonplaces of the astronomical 
writing of his time, appear to us, except in the case of 
the shape of the earth, loose and of no great value. 
The other postulates were, in fact, scarcely capalrle of 
cither proof or disproof with the evidence which Itolemy 
had at command. His argument in favour of the immo¬ 
bility of the earth is intcrcsti^, as it shews his clear 
perception that the more obvious appearances can be 
explained equally well by a motion of the stars or a 
motion of the earth; he concludes, however, that it is 
caster to attribute motion to bodies like the stars which 
seem to be of the nature of fire than to the solid earth, 
and points out also the difficulty of conceiving the earth to 
have a rapid motion of which we arc entirely unconscious. 
He docs not, however, discuss seriously the possibility that 
the earth or even Venus and Mercury may revolve round 
the sun. 

The third book of the Almagest deals with the length of 
the )‘ear and theory of the sun, but adds nothing of import¬ 
ance to the work of Hipparchus. 

48. The fourth l)Ook of the Almagest^ which treats of 
the length of the month arxi of the theory of the moon, 
contains one of Ptolemy’s most important discoveries. We 
have seen that, apart from the motion of the moon’s orbit 
os a whole, and the rcs'olution of the line of apses, the 
chief irregularity or ineouality was the so<alIcd equation 
of the centre (§§ 39, 40), represented fairly accurately by 

rough e«pUn*tioo of ccoeotnic phenomena, atarta whh certain aimple 
aMumptiona aa to human nature, which at any rate are more planaible 
than any other equally airoplc act, and deduces from them a number 
of abatrart conrluaiona, the applicability o( which to real life haa 
to be cooaidertd in individual caaea. But the perfunctory diicuaaion 
which auch a writer givea o< the qualities ol the "ecooomie man* 
cannot of courae be regarded aa hia deliberate and final catinute 
of bunuin nature. 
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means of an eccentric, and depending only on the position 
of the moon with respect to its apogee. Ptolemy, however, 
discovered, what Hipparchus only suspected, that there 
was a further inequality in the moon’s motion—to which 
the name eveotion was afterwards given—and that this 
depended partly on its position with respect to the sun. 
Ptolemy compared the ob^rved positions of the moon with 
those calculated by Hipparchus in \'arious positions relative 
to the sun and apogee, and found that, although there was 
a satisfactory agreement at new and full moon, there was a 
considerable error when the moon was half-hill, prorided 
it was also not very near perigee or apogee. Hipparchus 
based his theory of the moon chiefly on observations of 
eclipses, r>. on observations taken necessarily at full or new 
moon (§ 43), and Ptolemy’s discovery is due to the fact 
that he checked Hipparchus’s theory by observations taken 
at other times. To represent this new inequality, it was 
found necessary to use an epicycle and a deferent, the latter 
being itself a moving eccentric circle, the centre of which 
revolved round the earth. 'To account, to some extent, for 
certain remaining discrepancies between theory and obser¬ 
vation, which occurred neither at new and full moon, nor 
at the quadratures (half-moon), Ptolemy introduced further 
a certain small to-and-fro oscillation of the epic)'cle, an 
oscillation to which he gave the name of protneusis.* 

* The equation of the centre and the e\‘ection may be expreaaed 
trifononetrirally by two terras in the expression for the moon’s 
longitude, n un $ ^ h tin ^ — 9 ), where m, b are two numeral 
quantities, in round numbers 6 “ and l", 9 is the angular distance of 
the moon from perigee, and ^ is the angular distance from the sun. 
At conjunction and opposition ^ is 0 ^ or l 80 *, and the two terms 
reduce to (m—b') sm 9 . This would be tlie form in which the 
equation^ of the Mntre would have presented itself to Hipparchus. 
Ptolemy's correction is therefore equivalent to adding on 
b \^9 ^ tm(l ^-#)], or 2 b tin ^ iot {^~ 9 % 
which vanisbes at conjunction or opposition, but reduces at the 
quadratures to 3 A ttn 9 , which again vanishes if the moon is at apogee 
or perigee (# m 0^ or l 86 ^, but has its greatest value half-way 
between, when 9 • to*. Ptolemy’s construction gas'C rise also to 
a still smaller term of the type, 

earn 2 ^ [(OS (2 ^ 4 #) -f 3 <os (3 ^ 
whwh, it will be observed, vanishes at quadratures as well as at 
conjunction and opposition. 


67 


i Tfif Ahimgf&f 

PtolCTTiy ttiya succHC^cdcd in fitting hU theory cn ta his 
observations so welt ihs.i the error seldom exceeded io\ 

ii small qiiantiiy in the astronomy of the lime, and orii 
the Insis of this constmetiem he qaJquIaicd tables from 
which the position of the moon at any required lime could 
lie easily dcducedi. 

One of ihc inherent wcaVnesses of the system of ept- 
cycles occurred in this theory in an aggravated form. Hi 
has already been noticed in coniicciion with the theory of 
the sun {§ 39), that the eccentric or epicy cle produced an 
erroneous variation in ihe distance of ihc sun, which was^ 
howe^'eri imperceptible in Greek timesr Ptolemy^s sysiem, 
however^ represented the moon as being sometimes nearly 
twice as far off as at others, and consequently the apparent 
diameter ought at some times to have been not much more 
than half as great ns at othcre—a ccmclusioii obviously 
inconsistent w^ith observatiorL It seems prolnable that 
J'lolemy rroticed this difficulty, but was unable to deal with 
it; it is at any rate a signiheant fact that when he is dealing 
with eclipses^ for which the ppparent diameters of the 4 un 
and moon arc of importance, he entirely rejects the estimates 
that might have lieen obtained from his lunar iheorj^ and 
uiqreals to direct observatton (cf. also § 51, note). 

49. The fifth b€Kilc of the A/tijiJgfSf contains an account 
of the construction and use of Ptolemy's chief astronomical 
instrument, a combination of graduated cirLlcs known as 
the astrolabe^* 

'rhen follows a det.nilcd discussion of the moons 
parallax (§ 43), and of the distances of the sun and moon. 
Ptolemy obtains, the distance of the moon by a parallax 
method which is substantially identkal with that still in ufie. 
If we know the direction of the line c si (fig. 33) joining the 
centres of the curth and moon, ot the direction of the 
moon as Seen by an observer at ^; and also the direction 
of the line a that is the direction of the mpem as seen 
by an observer at n, then the angles of the triangle c n m 
arc known, and the ratio of the sides c 11, C is known. 

’ Herr, M. ^liKwhert, I have pwrv HP dctiilpJ Account of abUT^ 
nomicid initruiiwlilSt twltcvinlf stwh dtncripUwM to be 3 b (rwe™! 
oelUicr inlcmtiof nor IntAllipblc to tliOAC who IWVc not Ihc acIupI 
inxtnjmcnin bcfoiv them, xnd W be of lailc uufi to tboK wbo hivt 
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Ptolemy obtained the two directions required by means 
of observations of the moon, and hence found that C U 
was 5g times c B.j or that the distance of the moon was 
equal to 59 times the radius of the earth. He then uses 
Hipparchus’s eclipse method to deduce the distance of the 
sun from that of the moon thus ascertained^ and finds 
the distance of the sun to be i,Jio limes the radius of 
ihc earth. This number, which is substantially the same 
as that obtained by Hipparchus Js, however, only 



about of the true number, as indicated by modern 
work (chapter J£in., § 384). 

The sixth boot 1$ devoted to eclipses, and contains no 
substantial additions to the work of Hipparchus. 

50. The seventh and eighth liooks contain a catalogue of 
stars, and a discussion of precession (§^42). ^’he catalogue, 
which contains 1,028 stars (three of which are duplicates), 
appears to be nearly idendoit with that of Hipparchus. 
li contains none of the stars which were visible to Ptolemy 
at Alexandria, but not to Hipparchus at Rhodes. More- 
over^ Ptolemy professes to deduce from a comparison of 
his obscnraiions with those of Hipparchus and others the 
(erroneous) value j6' for the precession, which Hipparchus 
had given as least pCKsible value, and which Ptolemy 
regards as bis final estimate. But an examination of 
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the positions assigned to the stars in Ptolemy’s catalogue 
agrees better with their actual positions in the time of 
Hipparchus comettd for f recession at the supposed rate of 
iti annually, than with their actual positions in Ptolemy s 
time. It is therefore probable that the catalogue as a 
whole docs not represent genuine observations made by 
Ptolemy, but is sulistantially the catalogue of Hipparchus 
correct^ for precession and only occasionally modified by 
new observations by Ptolemy or others. 

51. The last five books deal with the theory of the 
planets, the most important of Ptolemy’s original contribu* 
tions to astronomy. 'Ilie problem of giving a satisfactory 
explanation of the motions of the planets was, on account 
of their far greater irregularity, a much more difficult one 
than the corresponding problem for the sun or moon. 'Ilie 
motions of the btter are so nearly uniform that their 
irregularities may usually be regarded as o( the nature of 
small corrections, and for many purposes may be ignored. 
'Fhe planets, however, as we have seen (chapter 1., § 14), do 
not even always move from west to cast, but stop at intervals, 
move in the reverse direction for a time, sl<^ again, and 
then move again in the original direction. It was probably 
recognised in early times, at latest by Eudoxus (§ 36), that 
in the case of three of the planets, .Mars, Jupiter, and Saturn, 
these motions could be represented roughly by supporing 
each planet to oscillate to and fro on each side of a fKtitious 
planet, moving uniformly round the celestial sphere in or 
near the ecliptic, and that Venus and Mercury could 
similarly be regarded as oscillating to and fro on each side 
of the sun. lliese rough motions could easily be inter¬ 
preted by means of revolving spheres or of epicycles, as was 
done by Eudoxus and proliaUy again with more precision 
by Apollonius. In the case of Jupiter, for example, we 
may regard the planet as movii^ on an cpic)‘cle, the centre 
of which, /, describes uniformly a deferent, the centre of 
which is the earth. The planet will then as seen from the 
earth appear alternately to the east (as at j,) and to the 
west (as at of the fictitious planet j ; and the extent of 
the oscillation on each side, and the interval between suc¬ 
cessive appearaiKcs in the extreme positions Oi, J») O” cither 
side, can be made right by choosing appropriately the size 
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and rapidity of motion of the epicycle. It is moreover 
evident that with this arrangement the apparent motion 
of Jupiter will vary considerably, as the two motions—that 
on the epicycle and that of the centre of the epicycle on 
the deferent—are sometimes in the same direction, so u 
to increase one another’s effect, and at other timw in 
opposite directions. Thus, when Jupiter is most distant 
from the earth, that is at the motion is most rapid, at 
j, and j, the motion as seen from the earth is nearly the 
same as that of y; while at J, the two mtrtions arc in 

opposite directions, and the 
size and motion of the epi¬ 
cycle having been chosen in 
the way indicated above, 
it is found in fact that the 
motion of the planet in the 
epic)’cle is the greater of the 
two motions, and that there¬ 
fore the planet when in 
this position appears to be 
moving from east to west 
(from left to right in the 
figure), as is actually the 
case. .\s then at Ji and 
ji the planet appears to 
be moving from west to 
east, and at in the opposite direction, and sudden 
dianges of motion do not occur in astronomy, there must 
be a position between j, and and anoUicr between 
J, and at which the planet is just reversing its direction 
of motion, and therefore appears for the instant at rest. 
We thus arrive at an explanation of the stationary points 
(chapter i., § 14). .An exactly similar scheme explains 
roughly the motion of .Mcrairy and Venus, except that 
the centre of the cpic)-cle must always be in the direction 
of the sun. 

Hipparchus, as we have seen (§41), found the current 
representations of the pbnetary* motions inaccurate, and 
collected a number of fresh (^>servations. These, with 
fresh observations of his own, Ptolemy now employed 
in order to construct an improved planetary system. 



Fic. ^4- — Jupiter's epicycle 
and deferent 
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As in the case of the moon, he used as defercm an 
eccentric circle (centre c), but instead of mnking the 
centre / of the epicycle move uniformly in the deferent, he 
introduced a nevr point culled an equoat (e'), situated at 
the same distance from the centre of the deferent as ihc 
earth but on the opposite side, and regulated the motiori of 
/ by the condition that the apparent motion as itsn from iht 
f^uatji should be uniform ; in other words, the angle a k'/ 
was made to increase uniformly. In the case of Mcrcuiy 
(the motions of which have liecn found troublesome by 
astronomers of ah periods)^ 
the relation of the equant to 
the centre of the epicycle was 
different, and the latter was 
made to move in a smatl 
drclci The deviations of the 
planets from the ecliptic 
(chapter i., §§ tj, 14) were 
accounted for by tilting up 
the planes of the several 
deferents and cpicj'clcs so 
that they were inclined to the 
ecliptic at various small angles. 

By means of a aysicrn of this 
kind, worked out with great 
care, and evidently at the cost of enormous labour, Ptolemy 
was able to represent with very fair exacliinde the motions 
of the planets, as given by the abserYations in hi.-? possession. 

It has been pointed out by modem critica, ss well as by 
&omc mediaeval writers, that the use of the cr|uant (which 
played also a small part in Ptolemy's lunar ihtrory) was a 
violation of the principle of employing only uniform eircutar 
motions, on which the systems of Hipiiarchus and Pinlctny 
were supposed to l>c based, and that I^oluniy himself 
appeared unoonacious of his inconslatency. It may, how¬ 
ever, fairly be doubted whether Hipra^hus or ftolemy 
ever had an abstract belief in the exclusive virtue of such 
raotlcns, except as a convenient and e^lly intelligible 
way of representing certain more complicated motionSi 
and it is difficult to oortceive that Hipparchus would have 
scrupled any more than his great follower, ita using an 
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equsjiL to an iiTeguIar motion, if he had found 

that the motion was diemeby repreRi^nted with accuracy. 
The criticism apjieafs to me in fact to be an anachrontsm. 
The earlier Greclts, whose astronomy was speculative rather 
than scientific, and a^ain many astronomers of the Middle 
Ages, felt that it was on a /nW grounds necessary to re¬ 
present the “perfection” of the heavenly mDCions by the 
most " perfect ” or regular of geometrical schemes; so that 
it is highly probable that Pythagoras or Plato, or even 
Aristotle, would hainc objected, and certain that the 
astronomers of the 14th and 15 th centuries ought to have 
ohjccicd (as son^e of them actually didj^ to this tnnova* 
tion of Ptolemy's, Put there seems no good reason for 
attributing this a priori attitude to thu later scientihe Greek 
astronomers (cf, also 5§ 38, 47),* 

Jt will be noticed that nothing has been said os to the 
actual distances of the planets, and in fact the aj>;:^rent 
motions arc unaJTccEcd by any alteration in the scale on 
which deferent and epicycle are constructed, provided that 
both arc al tcred proportiona Hy^ Iholeniy eitprcssly states ih at 
he had no means of estimating numerically the distances of 
the planets, or even of knowing the order of the distance of 
the several planets, lie followed tradition in accepting 
conjecturally rapidity of motion as a test of nearness, and 
placed Mars, Jupiter, £aturn (which perform the circuit 
of the celestial sphere in aljout s, 12, and ap years re¬ 
spectively) beyond the sun in that order. As Venus and 

■ The edd^ri^>«d frgm the use of the eqiunt ttUi be made 
clearer by a niHtheraitirBi ccHn|uiH»n with tie ellijilie ifl' 

troduerd by Kepler, In elliptic motion the uignlar ntnlioa and 
dirtanee are rcptcaeoted appmaimatdy by (he iimnulie nt + 2r nn rtf, 
a {1 ^ t art pifj r«pecliveJy; Ibe corfetponding lerwiul-* given by 
the EiM q( Ibc ainiple eccentric arc ui + ^ tin nr, 41 (I — nnji at). 
To cnakc the angular tnutiDU wc muiit therefore taie r' - ie, 
but to rsutfcc thedpstnircea agree we must take ? - ej the two con- 
ditiOnia are thererore in»ii»B(enL Hu| by the iutraijuiCtkm af an 
equani (he ronnulae become rtf + a/ afn jif, a {i — e' cm nrj, and 
Aotft agree If Wc take / ™ e, Ptoleiny'‘a lunar liieoiy could have 
been tieoriy freed from the sericiiH dijlicully alreacly nc»ticcd (4 4 S) 
ir he had used an et|ifBnl to represent the chief inequality of (he 
moonj; and hIs planetary theory would have been made accurate 
to the first order of sniall quanlilies by the uac of an eqiuint both 
for tbe de/crent ami the epicydc^ 
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Mercury acoompony the 3.un, and inay therefore be regarded 
as on. llie average performing their rcvoIutioQS in a year, 
the test to some extent failed in their case, but Ptolemy 
again accepted the opinion of tho ancient mathcirtatictans 
(i'jir probably the Chnldacans) that Mercury and Venuj He 
between the sttn and moon, Mercury being the nearer to 
Us. (Cf- chapter 1,, § 15.) 

52, There has been much difference of opinion among 
astronomers tws to the merits of Ptolemy* Throughani the 
^Middle Ages his authority was regarded ns almost hnal on 
astronomical mattens, except where it was outweighed by 
the even greater amhority assigned to Aristotle, Modem 
critlcasm has made clear* a fact which indeed he never 
conceals, that his worlt is to a large extent Irased on that 
of Hipparchus; and that his observatiom, If not actually 
fictitious, were at any rate iu most coses poor. On the 
other hand his work shews dearly that he was an accom¬ 
plished and original mathematician* 'I'he most imiiortant 
of hts positive contributlcNns to astronomy were the discovery 
of evcciion and his planetary theory, but we ought probably 
to rank above these* iniporuni as they arc, tire services 
which he rendered by |irtserving and devclo^jing tlie great 
Ideas of Hipparchus—Ideas which the other astronomers 
of the time were probably Incapable of appreciating, and 
whtch might easily ha™ been lost to tut if they had not 
been embodied In the 

53. The history of Greek astronomy practically ceases 
with Ptolemy* The practice of observation died out so 
completely that only eight observations are known to have 
been made during the eight and a half centuries which 
separate him from Albategnlus (chapter 11 l, § 5y). The 
Only Greek writers after Ptolemy's time are compilers and 
commentators, such as Thtan (jtf. A lt. 365), to none of 
whom original ideas of any importance can be attributed* 
The murder of his daughter Hypatia (a,d. 4rs)p herself 
also tk writer on astronomy, marks an epoch in the decay 
of the Alexandrine school; and the end came In .s.n* 640, 
when Algjtandria was captured by the Arabs.f 

* Df aiorKui him u x geomclcr w‘ith ArchLaicdc]^ Euclid, 

nnd Apolloniui, tbc thrve vncHl fcunel'tni of anhquUy. 
t Ttur tbit Ibc boQka in tbe lUsrary ‘dcfvul (jjr lix monlbl u 
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54.. ii incn)jin!t to attcnipt to estimate briefly liic value of 
the oomribuitionii to astronomy made by the Gteekj; and of 
their method of invesd^iton. It Is obvioitsly unrea^nable 
to CKpect to And a bnef formyla vrhich i^ill characterise the 
scientiAc altitude of a scries of astronomers 'n'hose lives 
catend over a period of eijtbt centuries;; and it is futile 
to CKpIain the inferiority of Greek a-stioiiomy to our own on 
some such ground as that they had not discovered the method 
of induction, that they were not careful enougli to obtain 
factSj or even that tiseir ideaa were not clear^ In habits 
of thought and scientific aims the contrast between Pytha¬ 
goras and Hipparchus is protiably greater than that between 
Hipparchus on the one hand and Coppemicus or even 
Newton on ihe othcr^ while it is not unfair to say that the 
fanciful ideas w'hich pervade the work of even so great a 
discoverer as Kepler (chapter vn.f $5 144, 151) place his 
scientihe method in respects behind that of his great 
Greek predecessor* 

'Ilic Greeks inhen ted from their predecessors a number 
of observations,^ many of them executed with coiwiderablc 
accuracy, which were neatly sufficient for the requirements 
of practical life, but in the matter of astronomical theory 
and speculation, in which their best thinkers were very 
much more interested than in the detailed facts, they 
received viruiatly a blank sheet on which they had to write 
(at first with indifierent Buocess) their speculative ideas. 
A considerable interval of time was obviously necessary to 
bridge over the gulf separating such data as the eclipse 
observations of the Chaldaeans from such ideas as the 
harmonical spheres of Fyitmgoras j and the necessary 
theoretical structure could not m erected without the use 
of mathematical methods which had gradually to be in¬ 
vented* That the Greeks, particutarly in early times, paid 
little attention to making observations, is true enough, but 
it may fairly Ijh: doubted whether the collection of fresh 
material for observations would really have carried 
astronomy much beyond tltc point reached by the 
Chaldaean otiscrvcrs. When once speculative ideas, made 

E'ucl for the fLLrrLj.ocs of the pubtic bslitt r?j«rtnl by Gibbon and 
Qlhcra. One kdcmI rcaa^tl for rot it ii thw; by tto time 

there were probabty very few books Icli lo bLirtlr 
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definite by the aid of gconsetry, had been sufficiency 
developed to l:)C capable of comparison v^ith obseni'aLioii, 
rapid progress wias made. The Greek astronomers of the 
scientific period] such as Aristarehus^ Eratosthenes, anti 
above all Hipparchus, appear moreover to have followed 
in their researches the method which has always ^n 
fruitful in physical science—namclyv to fmtne provisional 
hypotheses, to deduce their mathematical consec^nencesj 
and to compare these with the results of observation ► 
'rhere are few Ijctier illustrations of genuine scientific 
caution than the way in which Hipparchus^ having tested 
the planetary theories handed down to him and having 
discovered their insufficiency, deliberately abstained from 
building up a new theory on data which he knew to be 
insufficientt and patiently collected fresh material, never to 
be used by himself, that some future astronomer might 
thereby be able to arrive at an improved theory. 

Of positive additions to our astronomical knowledge 
made by the Greeks the most striking in some ways is the 
discovery of the approximately spherical form of the lartb, 
a result which later work Itas only slightly modified. But 
their explanarion of the cliief motions of the solar system 
and their resolution of them into a comparatively stiiall 
number of simpler inotfons was, in reality, a for more im- 
partant contribution, though the Grttck cpicyclic scheme 
has been so remodelled, that at first si^t it ts difficult to 
recognise the relation between it and emr modem views. 
The subsequent history will, however, show how completely 
each stage in the progress of astronomical science has 
depended on those that prccedetL 

AMicn wc study the great eonfiict in the time of Copper- 
nicus lictwcen the ancient and modern ideas, our syrnpathies 
naturally go out towards those who supported the latter, 
which are now known to be more accurate, and we are apt to 
forget that those who then spoke in the iwtiie of the ancient 
astronomy and quoted Ptolemy were indeed belicvcra in 
the doctrinei which they had derived from the Greeks, but 
that their methods of thought, their frequent refusal to face 
facts, and their appeals to autharity, were all entirely 
foreign to the spirit ^ the great mon whose disciples they 
believed iheinsclvcs to be. 
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•^‘The Innip burns ]nwj and llsnugb ihc ca*efflcn.t ban 
Crcy morning gllmmcni fctbty*'’ 

EROW}(tKc's Panuxlatis^ 

55- About fourteen ccntun« cTa|>st‘d between the publica¬ 
tion of the AfirmgjTji and the death of Coppettiicus {1S43X 
a date which is in astronomy a convenient landmark on the 
boun^ry' between the Middie Ages and the modern world. 
In this periodt nearly twice as long as that which &e|jarated 
'I'hjilcs from Ptolemy, almost four times as long as that 
iivhich has now elapsed since the dirath of Coppemicus, no 
^ronomical di^overy of hrst rate importance weis made. 
1 here were some iinpottant advances in mathematics^ and 
the art of observation was improved ; but theoretical 
Astronomy made scarcely any pregrtrss^ and in some respects 
even went l^nckw'ard, the current doctrines, if in some 
points slightly more correct than those of Ptolemy* beinc 
less intelligently held- 

In the Western World we have already seen that there 
was little to record for nearly five centuries after Ftoleniiy. 
After that lime ensued an almost total blank, and several 
mo^ Centuries elapsed before thert; was any npprecia 3 :ilo 
revival of the interest once fck in astronomy. 

56. Meanwhile a remarkable development of science had 
^ken place in the East during the yth century. The 
descendants of the wild Arabs who had carried the banner 
of hlahomct over so large a part of tin; Roman empire, as 
well AS over tmds lying farther cast, soon began to feel the 
influence of the civilisation of the peoples whom they had 
subjugated* and Bagdad, which in the 3th century became 

7* 
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thccnpitnlof ibc Qiliphs^ rapidly developed into a centre of 
Htcruiy and scientific activity. Al Mansur, who reigned 
from A.D. 754 to 775, was noted as a patron of science^ 
and collect^ round him learned men both from India and 
the tVest. In particular we are lotd of the arrival at his 
court in 7J3 of a schofar from India bearing with him an 
Indian treatise on astronotnyT* which was translated into 
Arabic by Order of the Caliph, and reniained' the standard 
treatise for nearly half a century, l-rom AI Mansur's time 
onwards a body of scholars, in the first instance chIcily 
Syrian Christians, were at work at the court of the Caliphs 
transhting Greet writings often through the medium, of 
Syriac, into Arabic. The first translations made were of 
the medical treatisea of Hipiiomtes and C^en; the 
Ariatotelian ideas contained in the latter ap|>eaF to have 
stimulated interest in the writings of .Ari-ntoilc himself, and 
thus to have enlarged the range of subjects regarded os 
worthy of study- Astronomy soon followed medicine, and 
became the favourite science of the Arabians, partly no doubt 
out of genuine scientific mtercst, but probably still more for 
the sake of its practical applications- Certain Mahometan 
ceremonial observances required a knowledge of the 
direction of Mecca^ and though many worsluppers, Ii\ing 
anywhere l>eiwcen the Indus and the Straits of Gibraltar, 
rnusl have satisfied themselves with rough-and'ready 
elutions of this problem, the assistance which astronomy 
could give in fisting the true direction was welcome in 
larger centres of population, 'The Mahometan calendar, 
a lunar one^ also rt^uired some attention in order that 
fasts and feaspt should be kept at the proper times. More¬ 
over the belief in the possibility of predicting the future 
by means of the stats, which had fiouridied among the 
Chaldaeans (chapter J., § tS), but which remained to a great 
extent in abejunce among the Greeks, now revived rapidly 
on a congenial oriental soil, and the Caliphs were probably 
quite as much interested in seeing that the learned men of 

* Hie ns la Indgm. utron^my ire so unccruJii, uvd the 

cridcivcc of uiy iirponAEit Dnp.iud conlrituticiDai is iO that I 

have not theuFtht it worth while to enter into ihe Mihiert in any 
detail. Tlie chief Indian Lrcatiaea, includiDg the ooe nrtcmdi to in 
the ttfel, bear itroac inarka of having been bOAoJ Qb Creek writing 
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their courts were profident in astrology as in astronomy 
proper. 

'I 1 ie first translation of the Aimagttf i?ras made by order 
of A 1 Mansur's successor Harun al Rasid (a.d. 7^5 or 766 
-A.iK Soi^ji, the hero of the Araiian jVfxAfj, It seems, 
howc'-cr, to haw been found difficult to translate: fresh 
attempts were made by be ft Iskuk (?- 373 ) f<tid 

by his son /sAtik btn Ifonfm or giiX and a final 

version by 'r^bif bfn Kurrti (S36-901) appeared towards 
the end of the ^ih ccniorj^ Ishak ben Honcin translated 
also a number of other astronomical and mathematical 
books, so that by the end of the 9th century, after which 
translations almost ceased, most of the more Important 
Greek books on these subjects^ as wfell as many minor 
treatises, had been translated. To this activity w^e owe 
our knowledge of several books of which the Greek originals 
have perished. 

57, [luring the period in which the Caliphs lived at 
tlamaseus an observatory was erected there, and another on 
a more magnificent f^mle was built at Uagdad in Szg by the 
Caliph Al Nlau'mn- The trustrumeuts used were superior both 
in sijte and in workmanship to those of the Greeks, though 
sutistantially of the same type. The Arab astronomers 
introduced moreover the excellent practice of making 
regular and as far as possible nearly continuous observa’ 
tions of the chief heavenly bodies^ aa well as the custom 
of noting the pcsitioris of known stars at the lieginning 
and end of on eclipse^ so os to have afterwards an exact 
record of the times of their oceurreneft. So much import¬ 
ance was attached to correct observations that wc are told 
that those of special interest were recorded in fotinal 
documents signed ort oath by a mixed IxwJy of astronomers 
and lawyers, 

Al Mamun ordered Ptolcmy^s estimate of the siiie of the 
earth to be verified by his astronomers. Two separate 
measurements of a portion of a meridian were made^ which, 
however, agreed so closely with one another and with 
the erroneouB estimate of Ptolemy that they can liardly 
have been independent and careful measurements, but 
rather rough verifications of Ptolemy's figures. 

58. 'fhe careful observations of the Arabs soon shewed 
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iht d^rccEs in the Greelc o^tiotiomia] tabies, and new tables 
Were from lime to time isauedt based on much the same 
ptrineiples as those in the but with changes in 

such numeficaJ data as the relative sbes of the various 
circles^ the |Ktsitions or the apogees, and the incTinations 
of the ptanes, etc. 

To Tahit ben Korra, menuoticd above as the tmnsiator of 
the belongs the doubtful honour of the discover)' 

of a. supposed Yamtion in the atnoutit of the precession 
(chapter II., 55 42, 50), To account for this he devised a 
complicated mechnnism which produced a ccHain aliemtion 
in the poattion of the ecliptic^ thus introducing a purely 
imaginary complication, known as the trepid&tion, wliich 
confused and obscured most of the astronomiad tables 
issued during the next five or six centuries. 

59. A far greater astronomer than any of those mentioned 
in the preceding articles was the Arab prince called 
from his birthplace Al Battani, and lietter known by the 
l^iatiniscd name A^tiitegnttts, who carried on observation^ 
from fi7& to 918 and died in 929. He tested many of 
Ptolemy's results by fresh observations^ and obtained 
more Bcctirate values of the obliquity of the ecliptic 
(cliatitcr J,, 5 ir) and of precession, lie wroEc also a 
treatise on astronomy which contained improved tables 
of the sun and moon, and included his most notable dis* 
covery—namely, that the direction of the point in the 
sun's orbit at which it is farthest from the earth (the 
apogee), or, in other words, the direction of the centre of 
the eccentric representing the sun's motion (chapter 11., 
5 J9)j was not the same as that given in the A/tna^fifl 
from which change, too great to be attributed to uterc 
errors of observation or t^lculation, it might fairly lie 
inferred that the apogee was slowly moving, a result which, 
however, he did not explicitly stare. AEbatcgnitis was also 
a good mathematician, and the author of ^omc notable 
improvements in methods of calculation.* 

60. The last of the Bagdad astronomers was li’a/it 

* He intToduced inli^ ti^xamomtLry Lh« um of m/trSf ind nipdc 
lAOic htUe EiV at fsHgtHts, WTlhont ippHrcnlly tboir ini- 

portance: tic alio u»^ tiftne Iww fortHule for the hIuIvOii of 
9.phericid trixngla^ 


EClt. Ill 


So ji SA^>rf ffisf/rry f>f Asfronojny 

(ghj9 or i34o-g9S), ihc author of a volumincuis treatise on 
astTonowy also known as the which contained 

same new ideas and wa'? written on a difTereni plan fHjm 
Ptolcm>''s book, of which it has sometimes been supposed 
to be a translation. In discussing the theory of the moon 
Abu] Wafa found that, after allowing for the equation of 
the centre and for the CTreettonf there remained a further 
tircgulariiy tn the moon^s motion which was imperceptible 
at conjunction, oppositiouj and quadrature, hut appreciable 
at the intermediate points. It is possible that Abu| SVafa 
here detected an inequality rediscovered by Tycho Brahe 
(chapter v., ^ nr) and known as the vaTiation, hut it 
is equally likely that be was merely restating Ftotemy's 
prosneusis (chapter ii.* § 43 ).* In either case Abu I Wafa's 
discovery appears to have been entirely ignored by his 
successors and to have liorne no fruit* He also carried 
further some of the mathematical improve tnents of bis 
predecessors. 

Another nearly contemporary astronomer, ^ ^mmonly 
known as AS'jt i-HtiiM (?-too8 ), worked at Cairo under 
the patronage of the Mahometan rulers of Bgypt. He 
published a sot of astronomical and mathematical tables, 
the TixhUi, which remained the standard ones for 

almui tw'o centuries, and be embodied iri the same bwk 
a number of his own observations as well as an extensive 
?iCries by earlier Arabian astronomers. 

6is About this time astronomy, in common with other 
branches of knowledge, had made some progress in the 
Mahometan dominions in Spain and the opposite coast 
of Africa, A great library' and an academy were founded 
at Cordov,a about gyo, and centres of education and learning 
were established in rapid succession at Cordova, Toledo, 
Seville, and Morocco. 

'I'he most important work produced by the astronorntra 
of these places was the volume of astronomical lahles 
published under the direction of Anuuhel in lo&o, and 
known as the Tokhm Tahiti^ because calculated for an 
obsenxr at Toledo, where Arzachel probably lived, 'lo 

• A prolang^ but indcnBive controversy him been cirri^tt on, 
chicHy by Fttncb schotflrs, with rpijjanl to lh« rclstioos of Ptolemy, 
Abiil W&ljir and Tycho In this msttO'* 
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tht saine ^hool are due some improveiuents in instru- 
men is and in trethods of calculation, nnd severaJ wn tings 
were published in critidsm of Ptolemy* without* however, 
suggesting any ituprovcnients on hts ide^ 

Gradually, howerer* ihe Spanish Ghristians began to drive 
back their Matiomctan neighbours. Cordova and Seville 
were captured in lajfi and 1S4S ropcciivcly* and with their 
fall Arab astronomy disappeared from historj'. 

62^ Before we pass on to consider the progress of 
astronomy in Europe, two more astronomical schools of 
the East deserve mention, both of which iUustiate an 
extraordinarily rapid growth of scientific interests among 
barbarous peoples. Hulagti Khan, a grand^son of the 
Mongol conqueror CJenghis Khan, captured Bagdad in t35S 
and end^ the rule of the Caliphs there. Some yens 
before this he had received into favour, partly as a paliticit 
adviser* the astronomer jVamr Eddin (bom in 130J at Tus 
in Khorassan), and subsequently provided funds for the 
establishment of a tnagnihccnt observatory at Meraga, near 
the north-west frontier of modem Persia. Here a numb^ 
of astronomers worked under the general supenntendenct 
of Nassir Eddin. The instruments they used were remark^ 
able for their size and careful construction, and were 
probably better than any used in Europe in the time of 
Coppemi’cus, being surpassed first by those of Tycho Brahe 
(chapter V.). 

Nassfr Eddin and his iiasistants translated trr commented 
on nearly all the more important available Greek writings 
on astronomy and allied subjects, including EucHd^s 
E/trfwn/s, several books by Archimedes, and the AlmiTgiMt. 
Nossir Eddin also wrote an abstract of astmnomy, marked 
by some little originality* and a treatise on geometry, lie 
docs not api>eaT to have accepted the authority 0/ Ptolemy 
without question, and objected in paiticubir to the me 
of the equant (chapter n.* § 51), which he replaced by 
a new cambination of spheres.. Many of these treatises 
had for a Jong time a great reputation in the East* and 
became in their turn the subject-matter of comnventary. 

But the great work of the Meraga ostironomcrs, which 
octmpied them 1 1 years* was the issue of a revised set of 
astronomical tables* based on the Hakemite Tables of Ibn 
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VuiKM W 60), find called in honour of their patron the 
Jikhank Tafflts. They contained not only the usual times 
for contpuiing the mocions of the planets^ etc.n but also a 
star catalogue, bcised to some extent on new obacrvaiions. 

An importaiit TtsuU of the observations of fixed stars 
trade at Meraga was that the precession (chapter n., § 4a) 
was fixed at 51^ or within about 1' of its value. Nassir 
Eddin also discussed the supposed trepidation (§ 50), 
seems to have been a little doubtful of its realityt He died 
in 1173, scon after his patron, and with him the Meraga 
School Came to an end as rapidly as it was forrned* 

63^ Nearly two centuries later Uhfgh Btgh m t 394 )i 

a grandson of the savage Tartar Tamerlane, developed a 
great personal interest tn astronomy, and built about r43oan 
observatory at Samarcand (in the present Kussian T urktsian h 
where he worked with assistants. He published fresh 
tables of the planets, etc., but his most important work 
was a star catalogue, embracing nearly the same stare M 
that of Ptolemy, but observ'cd afresh. This was probably 
the first substantially independent catalogue made since 
Hipparchus. The places of the stars were given with 
unusual precision, the minutes as well as the degrees 
of celestial longitude and latitude being recorded} and 
although a oorruparison. with modern observation shew^ 
that there were usually errors of several minutes, it U 
probable that the insimiinents used were extremely gtM^ 
Ulugh Begh was murdered by bis son in }449» with 
him 'fartar astronomy ceased. 

64. No great original idea can be attributed to any of the 
Arab and other astronomers whose work w'e have sketched. 
'I'hey had, however, a remarkable aptitude for absorbing 
foreign ideas, and carry^ina them slightly further, 'fhey 
wore patient and accurate observers, and skilful calculators. 
We owe to them a long series of observations, and the 
ins^ention or introduction of several important improve¬ 
ments in maibcmatical methods.* Among the most 
important of their services to mathcnuitics, and hence to 
astronomy, must be counted the introduction, from India, 

*■ Foreuntplc, the ptsrticc tkT tTMlfne the tripononvclLrical fuactlsns 
atgtbrak ^neatitics to be itiAnipuliled by forniLila;, nert mcrtljF 
u, giftncclri^rt Imcs. 
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of our present sjnsteni of writing numbers^ by which the 
vnltjc of a nuitieral fs aUered by its positfaiij and frtsb 
symbols arc not wanted, as in [he clumsy Greek and 
Koman systems^ for higher numbers. An immense sfm- 
plihcabon was thereby introduced into arithtnctical work.* 
More important than the actual original contributions of 
the Arabs to astronomy was the service that they fjedormed 
ill keeping albc interest in the science and pix^ien-ing the 
discoveries of their Greek predecessors. 

Some curious relics of the time when the Arabs were 
the great masters in astronomy have been meserved in 
astronomical language^ 'Fhus we have deriveo from them, 
usually in very corrupt formSi the current names of many 
individual stars^ Aldcbarartj Altair^ Beteigeui, Kigcl, 
Vega (the constellations bemg mostly known by Latin 
translations of the Greek namesh and some comnion 
astronomical terms such as zenith and nadir (the imiisjblc 
point on the celestial sphere opposite the aeriith)^ while 
at least one such wordi almanack, has passed into common 
language^ 

65^ In Europe the period of confusion fallowing the break' 
up of the Koman empire and preceding the definite formation 
of feudal Enrope is almost a blank 3 ^ regards astronomy, 
or indeed any other natural science. The best intellects 
that were not absorbed in practical life were occupied 
with theology. A few men, such as the Venerable Bede 
(672-7^5), living for the most part in secluded monasteries 
were noted for their learning, which included in general 
some portions of mathematics and astronomy; none were 
noted for their additions to scientific knowledge. .Some 
advance was nude by Charlemagne (74^-314), who. In 
addition to introducing something like order into his 
extensive dominions, made energetic attempts to develop 
education and learning. In jSi he summoned to his court 
our learned countryman (73.5-304) to give instruction 

in astronomy, arithmetic, and rnctoric, as wdl as In other 
subjects, and invited other scholars to Join him, forming 
thus a kind of Academy of which Atcuin was the head. 

* Any ddc wita tun ntK realuctl LIlu itiay dp h by pertarmin? 
with Koinjrn Qunvermb the simple cpctiilien of ingUiplyinB by ittelf 
a aumher meb «s iiDPTcicvm. 
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Charleiruignc not only founded a higher fchcxsl al his 
own courtj hui was ntso Buocdsafiil in urging the ecclesi¬ 
astical authorities in atl parts of hlS dominions to do 
the same- Jn these schools wore caught the seven liLtcral 
arts, divided into the so-called trivEum {grammar, rhetoriCj 
and dialectic) and quadrivlum, which included astronomy 
in addition to arithmetic, geometr>'T ond music- 

66- In the 10th century' tlic fame of the Arab teaming 
began slowly to spread through Spain into other parts of 
Europe, and the immense learning of Gerbcrf^ the most 
famous scholar of the century, who occupied the pa[^ 
chair as Sylvester IL frotn 999 to 1003, 'was attributed in 
large port to the time which he spent in Spain, either in 
or near the Moorish dominions- He was an ardent studentj 
indefatigable in collecting and reading mit books, and 
was especially interisted in mathematics and astronomy. 
His skill in making astrolabes (chapter ii-, & 45) and other 
instruments was such that he was popularly supposed to 
ha^t acquired hts powers by selling his soul to the Einl 
One. Other scholars shewed a similar interest in Arabic 
learning, but it was not till the lapse of another century 
that the Mahometan influence became important. 

At the beginning of the istb century began a series of 
translations from Arabic into I-aiin of scientific and 
philosophic treatises, partly original works of the Arabs, 
partly AmbEc translations of the Greek books. One of the 
most active of the translators was Plata of Tivo/i, who 
studied Arabic in Spain about 1116, and translated .Allra- 
legnlus's Asiremm}' (§ 59), as w'ell as other astronomical 
btwks. At about the same time Euclid's MlemettiSi among 
other book^, was translated Athdurii aj Hath. Ghrfarsia 
af Cnmnna (^14-1187) was even more industrious, and 
ts said to have made translations of about 70 scientific 
treatises, including the AimagtUy and the Takiaa Tahlts 
of AfJiachcl (§ 6r J, The beginning of the 13th ecntur)' was 
marked by the foundation of several Universities, and at 
that of Naples (founded in 1234) the Emperor Frederick II-, 
w ho had come into contact with the Mahoinomn learning 
in Sicily, gathered together a number of scholars whom he 
directed to make a fresh series of translations from the 
Arabic. 
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Aristotle's wntings on logic hnd been preserved jn 
Larin translations from ela^icnl limea, and were already 
much esteemed % the scholars of the nth and laih 
centuries. His other writings were first met with in /Viibic 
versions, and were transtaied into Latin during the end 
of the r3th and during the t^th centuries; in one or two 
cases tmmlarions were also made from the originaJ Greek, 
The mflucncc of Aristotle over mediPEv-al thought, already 
considerable^ soon became almost supreme, and his works 
were by many seholais regarded with a rm-erenee equal to 
or greater than that fell for the Christian Fathers. 

W'estem knowledge of Arah asttonomy was wry much 
increased by the activity of AlJ&nso X. of J eon and C^rile 
{1333-1284), who collected at Toledo, a recent conquest 
from [he Arabs, a body of scholars, Jews and ChristTans, 
who calcttlated under his general superintendence a set of 
new astronomical tables to supersede the 
'rhese A^msine were published in 1252, on the 

day of Alfonso's accession, and spread rapidly through 
Europe. They embodied no new idcas^ but several 
numerical data, notably [he length of the year, wore 
given with greater accuracy than before. To Alfonso is 
due also the publication of the Liifr^s dti Sabtr^ a vdU' 
minous cncyclopuMlia of the astronomical knowledge of 
the time, which, though compiled largely from Arab sources, 
Was not, as has sometimes b^n thought, a merer colietrtion 
of transtarions. One of the curiosities in this book is a 
diagram representing hfemity's orbit as an ellipse, the 
earth lieing In the ttntre (dL chapter vxi., § 140), this 
being proltably the first trace of the idea of representing 
the celestial motions by means of curves other than circles. 

67. To the 13th cen tuiy belong also seveml of the great 
scholars, such as Aibtrtm At^piut^ and 

Gffw d'Asra/i (from whom Ihinte Icamt), who trxjk all 
knowledge for ihcir province. Kogec Bacon, who was bom 
in Somersetshire about [314 and died about 1:^94, wrote 
three principal books, called respectively the 0 /»t^ A/ajin^ 
0 /ius A/ifiiifj and Ttrtmm, which contained not only 

tre.vtises on most existinj^ branches of knowledge, but also 
some extremely interesting discussions of their relative 
importance and of the right method for the advancement 
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of learning. He inveighs wnrmly against CJtcesslve adher¬ 
ence to authoiityt Cipectally to that of Aristotle^ whose 
boolcs he wishes burnt, and speaks strongly of the impon 
ance of cxpcrinicnt and of matheniatical reasoning in 
scicntiiic inquiries. Ht evidently had 3 good knowledge 
of optics and has l>ccti supposed to have T■^ct’n acquainted 
widi the telescope, a supposition which wc cin hardty 
regard as confirmed by his story that the invention was 
known to Caesar, who wlicn about to invade Britain sur¬ 
veyed the new country froiii the opposite shores of Gaul 
with a telescope [ 

Another famous Iwok of this period was written by the 
Yorkshireman John Halifax or Holy wood, tietter known 
by his Latinised name who was for some time 

a well-known teacher of mathematics at Paris, where he 
died about r25SH liis Sphsini Mundi was an elementary 
treatise on the easier parts of current astronomy, dealing 
in fact with little but die more obvious results of the 
daily motion of the celestial sphere^ It enjoyed immense 
popularity for three or four centuries, and wan frequently 
re-edited, translated, and comincnted on i it was one of 
the vety first astronomical books ever printed; 25 editions 
appear^ between 1^17 a and the end of the century, and 
40 more by the middle of the 17 th century. 

68. llie Europe^ wTiters of the Middle Ages whom wc 
have hitherto mentlotrcd, with the exception of Alfonso and 
his ossisumts, had contented themseh'es with collecting and 
rearranging such portions of the astronomical knowledge 
of the Greeks and Arabs as they could master; there were 
no scrioirs attempts at making progress, and no observations 
of importance were made. A new school, however, grew 
up in Germany during the 15th century which succeeded 
in making some additions to knowledge, not iir themselves 
of first-rate importance, but significant of the greater inde¬ 
pendence that was b^inning to inspire scientrlic work. 
Gtifrgi Purbacht born in 1423, became in J450 professor 
of astronomy and mathematics at the University of Vienna, 
which had soon after its foundation (1365) become a 
centre for these subjects. He there began an Epittmt 
iff AsfmnQmp based on the and also a Latin 

version of Ptolemy's planetary theory, intended prtly 


OS a &Lipplc3ii4^nt ta Socrobosco^s tcKibook, from i^ blch 
this part of the subject had been omitted, ljut in part 
also as a treatise of n higher order; Inii he was hindered 
in both undertaking by the badness of the only available 
versions of the ji/mtgfti —I^tin translations which had 
l)e<!n made not directly from the (lircck^ but through 
the medium at nny rule of Arabic and very possUdy of 
Syriac as well (cf. § 56)1 and which consequently swamucd 
with mistakes. He was assi-^tcd in this work by his more 
famous pupil John Muller of KOnigsbtiy; (in Franconia), 
hence known as Arjravaajri/drwi/A who wa^ aitracted to 
Vienna at the age of j 6 (145^) by Purbach’s rcputatioiL 
The two astronomers made some observations,, and were 
strengthened in their con.i'iction of the necessity of astro^ 
nomical reforms by the serious inaccuracies which they 
discovered in the Alf&nsint Tahiti, nuw two CcntUncs old ; 
an eclipse of the moon, for example, occurring an hour late 
and Mars being seen a® from hs calculated place* I'urhach 
and Regiomoruanus were invited to Rome by one of the 
Cardinals, largely with a view to studying a copy of the 
Aif/iagtft contained among the Greek manuscripts which 
since the fail of Constantinople (1453) had come into Italy 
in considerable numbers, and they were on the point of 
starling when the elder man suddenly died (t4'6t)* 

Regiomontanus, who decided on going notwithstanding 
Fufbach’s death, was altogclhcr seti'cn years in Italy ; he 
there acquired a good knowledge of Greek, w’hich he had 
already begun to study in Vienna, and was thus able to read 
A and other treatises in the original; he completed 
I’urbach's Epitomf t>f made some obscn'Utions, 

lectured, wrote a mathematical insuise* of comidcrable 
merit, and finally returned to Vienna in 1463 with original^ 
or copies of several important Greek manuaoripis* He 
was for a short time professor there, but then accepted an 
invitation from the Ring of Hungary to arrange a valuable 
collection of Greek manuscripts. The king, iMwevcr, soon 

" On tfipmoliii:tO'> mntnHlnr?«l the kw, which ha4 betn 
fiarcOttrn ; Mil made *omc USc njf the iattjftnt^ bul like AlbalcfTiiui 
C4 S5f >»-} nP* rtaJiic Els ini|WirtiniT, #ivd thus rcin*hi*d beJiind 
Ibo Yqnu and Abul. Wjifi. An tcaportinl cgntributMn to malhc^ 
matin warn h table of siric^ caJculaCedl ibr irccry oilaulc fnifa ff Eo 
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turned his attention from Grcclc to tilting, and Regioinon- 
tinus moved otjce more, settHng this time En Numberg, ih^ 
one of the most flourishing cities in Germany, a specLal 
attraction of which was one of the early printing 
presses was estaUIDihed there. The Nurnl^etR dtisens 
received Regiomontanus with great honour, and one rich 
rnan in porticnlarN ff (i 43*~^S®4 )p not only 

supplied him with funds, but* though an older tnan, became 
his pupil and worted with him. The skilled artisans of 
Niirnberg were employed in constructing asironomicat 
instruments Of an accuracy hitherto unknown in Europe, 
though probably still inferior to those of Nassir I^din and 
Ulugh Bcgh (§§ fia, dj). A number of observations w'ere 
made, among the most interesting being those of the comet 
of 147?, first comet which appears to have l)ccn 
regarded as a subject for scientific study rather than for 
superstitious terror. RegtomonLnnus recognised at qncc the 
importance for his work of the new invention of printing, 
and, finding probably that the existing presses were unable 
to meet the special requirements of astronomy, started a 
printiitg press of his own. Here he brought out in i47^ 
or 1473 an edition of Purbach'^s book on planetary theory, 
which soon beemne popular and was frcquendy reprinted 
This book indicates clearly the discrepancy already being 
felt between the views of Aristotle and those of Ptolemy. 
Aristoile'^s original view was that sun, moon, the five 
planetsj and the fixed star? were attached respectively to 
eight Spheres, one inside the otlicr j and that the outer 
one* which contained the fixed stars, by its rcvolurion was 
the primary cause of the apparent daily motion of all the 
celestial bt^ics. The discover)' of precession required on 
the port of those who carried on the i\TistotBliah imdition 
the addition of another sphere^ According to this scheme, 
which was probably due to some of the translaiots or 
commentators at Bagdad 5:6), the fixed stars were on 
a Sphere, ofien called the flnnament, and outside this w'as 
a ninth sphere, known os the primom mobile, which moved 
all the others ; another sphere was added by Tabit ben 
Korra to account for trepidation (§ 5S), and accepted by 
Alfonso and his school; an eleventh sphere was added 
towards the end of the Aliddlc Ages to account for iho 
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supposed changes in ihc obliquity df the ecliptic. A few 
writers invented a larger number. Outside these spheres 
mediae^'dl thought usually placed the Empyrean or Heaven. 
The accompanying diagram illustrates the whole arrange¬ 
ment. 



Fio. 3ifi,—Ttw «lrati*l apberea. From Apian 


These s|)hcres, which were almost entirely fanciful and 
in no ECTious way even professed to accottnt for the deiaiLi 
of the celestial motions, arc of course quite different from 
the circles known as deferenU and epicycles, which Hippar¬ 
chus and Ptolemy used. 'iTiese were mere geometrical 
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abstraclioii^ whiqh enabled ihq planetary mcidiions to be 
repr«icnied with tolerable accuracy. Each planet moved 
freely in Jrfiacc, its motion beinjf represented or described 
(not cofttra/Ud) by a particular geometrical arrangemcint 
of circles. Purbnch suggested a comproniiise hy hollowing 
out Aristotle's crystal spheres till there was room for 
Ptolemy's epicycles inside I 

Fron) the new NuttiIjci^ press were issued also a suc¬ 
cession of almanachs which, like thtwc of to-day, g?ivc the 
pubiic useful mformatian about moveable feasts, the phases 
of the moon, eclipses, etc, j and, in addition, a volume of 
less popular with astronomical inforntation 

of a fuller and more e^cact character for a period of nlxiut 
50 yrtiis, 'lliis contained^ among other things, astronomical 
data for hnding intltude and longitude at sea, for which 
Regiomontanus had invented a new methotL* 

The superiority of these tables over any others available 
was such that they were used on several of the great voyages 
of discovery of this period, probably by Columbus himself 
on his first voyage to America. 

In 1475 Regiomontanus was invited to Rome by the 
pope to assist in a reform of the calendar, but died there 
the next year at the early age of forty. 

V\'althci canied on his friend's work and took a number 
of goexi observations;;, he was the first 10 make any 
successful attempt to allow for the aimodpheric refraction 
of which Ptolemy had probably had some knowledge (chap¬ 
ter II., § 4&); to him is due also the practice of obtaining 
the position of the sun by comparison with X'cmis instead of 
with the moon (chapter cu, § jgh the much slower morion 
of the planet rendering greater accuracy possible. 

After W'althcr’s death other observers of less merit carried 
on the work, and n Xiimberg asironomica] school of some 
kind lasted into the [7th century. 

69, A few minor discoveries in astronomy belong to this 
or to a slightly later period and may conveniently Ik dealt 
with here, 

Lifffiarda tia Vinn (145 2-1519), who was not only a 
great painter and sculptor, but ^so an aiaatomistt engineer, 
mechanician, physicist, and mathematidanj. was the first 

* <if “ lunar dutanevs," 
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to explain correctly the dim inuininatior seen over (he 
rest of the surface of the moon when the hright poit Cs 
only a thm crescent. He pointed out that when the 
moon was nearly new (he half of the earth which, was 
then illuTninited by the sun wss turned nearly directly 
towards the moon, and that the moon was in const;r|uence 
illuminated slightly hy this oaithihine, just as we arc by 
moonshine. The explanation is interesting in itself,, and 
was also of .tome value as shewinfj an analo^O'' Ijelwcen 
the earth and moon which tended to brcalc down the 
supposed barrier between terrestrial and celestial Ijodics 
(chapter VI,, § 119). 

Jtramt /‘baftirfr^r (^ 483 ^ 1 545) F^ttr A^l&n (i495“ 

voluminous writers on astronomy, made obatr- 
vations of comets of some interest, Ixnh noticing that 
a comet's tail continually points aw‘ay from the sun, as 
the comet changes in pcKition, a fact which has been 
used in modern times to throw some light on the structure 
of comets (chapter xJri., § 3^4)- 

Pittr jWi.hwj (149.2-1577) deserves mention on account 
of the knowledge of twilight which he possessed t »veial 
problems as to the duration of twilight, its variation in 
different latittidcs, etc., were correctly solved by him ; but 
otherwise his numerous books are of no great interest.* 

A new determination of the sae of the earth, the first 
since the lime of the Catiph *^1 Mamun {$ 57), wji5 made 
about 1518 by the French doctor J^Hk (m 97 “*S 5 ®')i 
who arrived at a result the error in which (less than i per 
cent) woj! far less than could reasonably have been ci- 
{lectcd from the rough methods employed- 

'rhe life of Regiomontanus overlapped that of Copper- 
nicus by three years; the four writers last named were 
nearly his contensporaries j and we may therefore be said to 
have come to the eneJ of the comparatively stationary period 
dealt with in this chapter. 

* He d’HJ not invent tbe EBcmiurinii; pailniracnt emited ll>j 
eftcti ntlribuCcd to Jsim, i™t vnelhinE quit* diffrrenl ■.nd of ^‘ety 
inrerior vaIih, 
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in this our une rare wilta U« COnltnuji!l cirora 

Ihtft frjm time Id liam mem; nnd nvore rontinuiiJy been dis- 

covered, bcsJdef I he infinite abatjrdities Jn iheir TTieoricks, which 
they have been foreetj to ndntil that would not eonfoue any Mohtlilb 
in the ball of the Ejulhy hath by long itudye, paynfull practise, 
and rare invcniion delivered a new Thooriek or Model of the world, 
shewing that the flarth teatclh not in the Center nf the whole world 
or globe of elcnventa, which encircled and enctosed in the MoOire'a 
orbit, and together with tLh£ whsili!! of mortiJity is f'iLrrii?^ 

yearly round about the SoEine, which like a king tn the middest of 
all, rayneth aud givirth lawe ^ motion to all the reat, apbacricatty 
dispersing his glorious beames of light through alL this lacrvd 
coclesliall Temple.*' 
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70. Thk growing interest m Rstronoriiy sliewn by the 
work of such men as Regiomontanus was one of the trarly 
results in the region of science of the great movement of 
thought to diiTcrent aspects of which are given the names 
of Revival of Learning, Renaissance, and Reformation- 
'fhe movement may be regmdod primanty os a generaJ 
quickening of Intelligence and of interest in irnittcis of 
thought and knowled^ The invention of printing early 
in the jsth century, the stitnulus to the study of the Greek 
authors, due in part to the scholars who were driven west' 
wards after the capture of Constantinople [jy the Turks 
(1453)1 and the discovery of Afniirfca by Co'tumbua in 
1492, all helped on a movement the beginning of which 
has CO be looked for much earlier. 

Every stimulus to the intelligence naturally briiigs with it 
a tendency towards int^uiry into opinions received through 
tradition and based on some great authority. The efTectivo 
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discover)' and the study of Grech philasophers other 
than Ari'itQtle naturally did much to shake the supreime 
authority of that great phiCusopher, juat as the Reformers 
shook the authority of the Church by pointing out what 
they considered to tw iricotisiitcnclci l^twecn its doctrines 
and those of the Ihblc. At first there was little avowed 
opposition to the prlndpte that truth was to l>e derived 
from some authority^ rather than to be sought inde[)cnd' 
cntly by the light of reason; the new scholars replaced 
the authon'ty of Aristotle by that of Plato or of Greek and 
Roman antiquity in gencr^,. and the rcllgioiis Reformers 
replaced the Church by the Rjble4 Natural ly, however, 
the conflict between authorities produced in some minds 
scepticism as to the principle of authority itself; when 
freedom of judgment had to be exercised to the extent 
of deciding between authorities, it was but a step further 
—a step, it 13 true, that coiuparativtly few took—to use 
the individual judgment on the matter at issue: itself. 

In astronomy the conflict between authorities had already 
arisen, partly in connection with certain divergencies l^e- 
tween Ptolemy and Aristotle, partly in. connection with 
the various astronomical tables which, though on sub' 
5Ut)tlally the same lines, differed in minor points. The 
lime was therefore ripe for some fundamental criticism of 
the traditional astronomy, and for its reconstruction on a 
new basis. 

Such a fundamental change was planned and worked 
out by the great astronomer whose work has neat to be 
considered, 

71. Nicholas Coppemte or was Ixira on 

February' ig^ih, 147^, Ina house still pointed out In the little 
trading town of Thom ori the Vistula* Thom now lies 
just within the eastern frontier of the present kingdom of 
Prussia; in the time of Coppemicus it lay in a region over 
which the King of Poland had same sort of stueraintyj die 

" The nunc is itpcHed In n larEC number of dilfcfenl wxyi both by 
Cot^micus ud by hli i:i>Cit?mpOtWirics. He biniHlf usuilly wTulc 
hks lutBc Cappcmic, «tid in Idxrncd pruductloni comaipply kij«d: tlvc 
LaIih form CuppcrukiUH The ^llinf Copemieus is to much ku 
cannmnly used by him ihal I have theMi|;lLL it iKtlcr I0 divcud il, 

even Bt ibrc risk c( tppcaruif pedxntiE’. 
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precise nature of which was a continual subject of quarrel 
between him, the citi*ien.% and the order of ■J'eutonic knights; 
who claimed a good deal of the neighbouring country. 
The astronomer^s father (whose name was most oorntnonly 
wTiiieu Koppemigit) was -i merchant who came to Thom 
from Cracow, then the capital of Poland, m 146s. 'V'hether 
Coppeimkus should he txjunted as a Pole or as a German 
is an intricate question, over which his biographers have 
fought at great length and w^ilh some acrimony, but which 
is not W'Orth further discussion here. 

Nicholas, after the d(^th of his father in 14S3, was under 
the Care of his uncle* Lucas Waizclrode, afterwards bishop 
of the nelghbouririig diocese of ErniLind, and was destined 
by him from a very early date for an ecdcsiastical careen 
He attended the school at Thorn, and at the age of 17 
entered the University of Cracow. Here he seems to have 
first acquired (or shewn) a decided taste for a&tronomy 
and mathematics, subjects in which he probably received 
help from Albert Brudzew^ki* who had a great reputation 
as a learned and stimulating teacher; the lecture lists of 
the University show that the comparatively modern treatises 
of Purbach and Regiomontanus (chapter in,* § 68) were 
the standard textbooks used. Coppcrnicus had no intention 
of graduating at Cracow* and probably left after three 
years (1454X rJuring the next year or two he lived 
partly at home, partly at bis uncle's palace at Heibberg* 
and spent some of the time in an unsuccessful candidature 
for a canonty at Frauenburg, the cathedral city of his 
uncle's diocese. 

The next nine or ten years of his life (from 1496 to 
iS°5 *5^) devoted lo studying in Italy* his stay 
there being broken only by a short visit to Frauenburg in 
15 '^t' He worked chiefly at Bologrui and Padua, but 
graduat^ at Ferrara, and also sjKnt some lime at Rome* 
where his astronomical lEuowledge evidently made a favour¬ 
able impression^ Although he was sup|iosed to be in 
Italy primarily with a view to studying law and medicine, 
it is evident that much of his best work was being put 
into mathematics and astronomy, while he also paid a good 
deal of attention to Greek . 

During his absence he was appointed (about 149J) to 




C107FK|t;f]CV9- 


















95 


♦ TiJ lJf€ 0f Ci^ppcrni^s 

n cancnry a .1 Fniucnburg, and at Some uncertatn date 
he also received a sinecure ecclesiasticaJ appointmcrLl at 
Breslau, 

73. On returning to Frattcnburg firom Italy Coppcmictis 
almosL immediate])' obtained fresh leave of absence, and 
joined his ttncft at Hcil$l>erg, osteitsihly an, ha nicdie:d 
adviser and really as his comixtnicn. 

It fvas |i!robab|y during the quiet years, spent at Heilslmrg 
that ho drst put into shape his new ideas about astronomy, 
and wrote the first draft of his IkwIc, He kept the 
manuscript by him, revising and rewriting from time to 
litnei partly from a desire to make his work as perfect as 
possible, partly from complete indifference to reputation, 
coupled with dislike of the controversy to which the 
publication of his book would almost certainly give rise. 
In 1509 he published at Cracow his first book, a Latin 
translation of a set of tJreek letters by Theophylactus, 
interesdng as being probably the first translation from the 
Greek ever published in Poland or the adjacent districts. 
In 1512, on the death of his uncle, he finally settled in 
Fiaucnburg, in a set of rooms which he cKcupicd, with short 
intervals, for the next j i years. Once fairly in residence, 
he toot his share in conducting the business of the 
Chapter: he acted, for example, more than once as their 
representative in various quarrels with the King of Poland 
and the Teutonic knights j in 1525 he was general 
administrator of the diocese for a few months after the 
death of the bishop ; and for two periods, amounting alto¬ 
gether to sue yEar& (1516^1519 and 1520-1521), he lived at 
the castle of Allenstein, administering some of the outlying 
property of the Chapter- In tjai he was commissioned to 
draw up a statement of the grievances of the Chapter 
against the Teutonic knights for presentation 10 the 
Prussian Estates, and in the following year wrote a memo¬ 
randum on the dcbasiiKl and confused state the _coinage 
in the district, a paper which was also laid wfore the 
Estates, and was afterwards rewritten in Latin at the special 
request of the tiishop. Ht also gave a certain amount 
of medical advice to bis friends as well as to the poor of 
Frauenburg, though he never practised regularly as a 
physician; but notwithstanding these various occupations 
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il is probable tb.it a very large part of his time during the 
last 3,0 years of his life was devoted to astronotny. 

73* IVc are so accustomed to associate the revivaJ of 
^ironomyi as of other branches of naturut science, with 
increased care in the cotlectfcn of observed facts, and to 
think of Copperntcus as the chief agent in the revival, that 
it is worth while here to emphasise the ihet Umi he was in 
no sense a great observer His instruments, which were 
mostly of his own construction^ were far inferior to those 
of Nnssir Eddinand of Ulugh Begh (chapter ill., §§ fia* (Jj), 
and not. even as good as those which he could have pro* 
cured if he had wished from dve w'Orkshops of N iintberg; 
his observations were not at all numerous (only a which 
occur in his booh^ and a dozen or tw'o besides being known), 
and he appears to have made no serious attempt to secure 
great accuracy. His determination of the position of one 
star, which was e.'ttcnsively used by him as a standard of 
reference and wis therefore of special importance, was in 
error to the extent of nearly 40' (more than the apparent 
breadth of the sun or moon), an emor which Hipparchus 
would have considered very serious. His pupil Khcticus 
74) an interesting discussion between his master 

and hinismf, in which the pupil urged the importance of 
rnaking observations with ad imaginable accuracy; Copper* 
nicus answered that minute accuracy was not to be looked 
for at that time, and that a rough agreement between theory 
and observation was all that he could hope to attain. 
Coppemic^ moreover points out in more tluin otic place 
that the high latitude of Frauen burg and the thickness of 
the air were so detrimental to good observation that, for 
example, though he had occasionally been able to see the 
planet hicreury, he had never been able to observe it 
properly. 

Although he published nothing of importance till towards 
the end of his life, his reputation as an astronomer nnd 
mathematician appears to have been established among 
experts from the date of his leaving have 

steadily increased as time went«on. 

In 1515 he was consulted by a oommittce appointed by 
the I.ateran Council to consider the reform of the calendar^ 
which had now (alien into some confusion (chapter ii., 
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5 3j)j hut he dedined lo give any advice on iKe ground 
that the motions of the sun and moon were as yet loo 
imperfectly knotvo for a satisfjetj>ry reform to he possible. 
A few years later {i534) he wrote an open ItUcrp intended 
for publication, to one of his Cracow friendSf in reply lo a 
tract on precessiort, in which, after the manner of the time, 
he used strong kin^age about ihe errors of hia opponent.* 
It was meanwhile gradually becoming known that he 
held the novel doctrine that the earth was in motion and 
the Sun and stan; at rest, a doctrine which was atilhdently 
startling to -attract notice outside Bstrononiical circles. 
About 15:11 he had ilte distinction of being ridiculed on 
the stage at some popular performance in the neighbour¬ 
hood I and it is interesting to note (especialEy in view of 
the famous peniecution of GaEilci at Home a century later) 
that Laither in hts Tubh Talk frankly described Coppemicus 
as a fool for bolding such opqnions^ which were obviously 
contrary to the Bible* and that Melanchthon, perhaps the 
most learned of the Reformers, added to a somewhat similar 
ergtici^-m a broad hint that such opinions should not be 
tolerated. Coppernicus appears to have taken no.notice of 
these or similar attacks, and still continued to publis^othing, 
No observation made later than 1539 occurs in his great 
book, which seems to have been nearly in its final form by that 
date ; and to about this lime belongs an extremely interest¬ 
ing paper, known os the which contains a 

short account of his system'of the world, with some of the 
evidence for it, but without any Calculations. It was 
apiiarently written to be shewn ckt lent to friends^ and was 
not published \ the manuscript disappeared after the death 
of the author and was only rediscovered in i8y8. The 
Compuntaridlui was probably the basis of a lecture on 
the ideas of Coppemicus given in t5j3 by one of the 
Roman astronomers nt the request of Pope Clement VII. 
Three years later Cardinal Schomberg wrote to ask 
Coppernicus for further information as to his views* the 
letter showing that the chief features were already pretty 
accurately known. 

* HuIIa dtmum 4&)la>' inr^ncj- tst . uAi jpriw# pttrf^httr 

hanHOHaittri NowhcK is ti« mor^ IIlu . . , where k hiflcn 

frotn deJutiiVii of tvO Chitdi&b « chararlcr. 
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7+ Simikr r^^qucsls inust have been inade by others, but 
his decisicin to publish his Idens seems to hav« been 
due to the airiv-al at Frauenburg in 153,9 of the enthusiastic 
young astronomer genemlly known as Bom in 

1514, he studied astronomy under Schoner at Numberg, 
and appointed tn 153d to one of the chairs of 
tnathemaiios created by the induence of Melanchthon at 
Wittenberg^ at that time the chief Protestant University. 

Having heard, probably through the ComfHiat^riAus^ of 
Coppernicua ar^d his doctrines, he was so much interested 
in them that he decided to visit the great astronomer at 
Frauenbuig. Coppernicus received him with extreme 
kindness, and the visit, which was originally intended to 
last a few da)'s or weeks, extended over nearly two years. 
Rheticus set to work to study Coppemicus's manuscript, 
and wrote within a few^ weeks of his arrival an extremely 
interesting and valual)le account of It, known as the First 
Narrative {Pritaa iVlrrrtf/w), in the form erf an open letter 
to his old master Schoncf, a letter which was printed in the 
following spring and was the first easily accessible account 
of the new' doctrfnes+t 

When Rheticus returned to Wittenberg, towards the end 
of 1541, he took with him a copy of a purely mathematical 
section of the great book, and had it printed as a tcxtlHiok 
of the subject {Trigonometry} j it had probably been already 
settled that he was to superintend the printing of the coai' 
picte book itself, Coppemieu^ who was now an old man 
and would naturally fuel that his end was approaching, sent 
the manuscript io his friend Gicse, Bishop of Kulm, to do 
what he pleased with, Giese sent it at once to Rheticus, 
who made arrancements for having it printed at Niirnberg, 
Unfortunately KKeticus was not able to sec it all through 
the press, and the work had to be entrusted to Ostander, 
a Lutheran preacher interested in astronomy. O^iander 

~ His ml name wiA CcorK Jcachim, thwi ty whiefi he is tnota-n 
hiiYin( been judcIg up hy himself fram [he Ulin cisme of UlO district 
where he was bom (lihitUs). 

f The C<?ntauitfitriirfut snd Uie Prima DTarraiio give most mders 
s Intend es of wltsl Coppemicus du] (hsn his btrEcr book, in which 
It IS difiicuJL ta disentiinile his lemdlflc ideu from Iha 

inius at eskalsiiam baled as thCFn. 


99 


«7+rTj] PtiMkaiien a/ the " 

appears to have been much alarmed at the thought of the 
dLsturbanoe which the hereticaJ ideas of Coppemicus would 
cause^ and added a prtfaiorj' note of his qi^u {which he 
omitted to sign), prusiti^ the booh in a vulgar way, and 
declaring (what w^as quit* contrary to the views of the 
author) that the fundaitneiiral principles laid down in it 
were merely abstract hypotheses convenient for purposes 
of calculation; he also gave the book the title De 
Revohitfonihui Orbium Cekstmn {On the Revolutions of 
the Celestial Spheres), the last two worda of which were 
probably his own additiom The printing was finished in 
the winter 1543-31 and the author received a copy of his 
book on the day of his death (^fay 24th, 1543), when bi$ 
memory and mental vigour had alriirady gone, 

75- central idea with which the name of Coppcmicus 
is associated, and which makes the De Ra}Qluthmbut one 
of the most important books in all asironomical Jlterature, by 
the side of which perhaps only the Aimage:st and Kewton^s 
Rrineipm (chaptef jjt., §§177 can be placed, is that 
the apparent motions of the celestiaJ bodies are to a great 
extent not real motions, but are due to the motion of the 
earth carrying the observer with it. Coppemicus tells us 
that he had long been struck by the unsatisfactory nature 
of the current explanations of astronomical observations, 
and that, while searching in philosophical writings for some 
better explanation, he h^d found a reference of Cicero to 
the opinion of Hicetas that the earth turned round on its 
axis daily* He found slmibr views held by other Pyti^- 
gareans, while Fhilolaus and Aristarchus of Samos hod 
also held that the earth not only rotates, but moves 
bodily round the sun or some other centre (cf. chapter ir., 

§ 24). 'Hie opinbn that the earth is not the sole centre 
of motion, but that Venus and Mercury revolve round the 
sun, he found to be an old hlgyptian belief, support'^ 
also by Murtianm Capella^ who wrote a compendium of 
science and philosophy in the 5th or 6th century a.d. 
A more modem authority, Mihafas CWa (1401-14614), a 
mystic writer who refers to a possible motion of the earth, 
was ignored or not noticed by Coppemicus, None of 
the winters here named, with the possible exception of 
Aristarchus of Samos, to whom Coppemtcus apparently 
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paid Itiile attention^ presented the opinions quoted as 
mote tlian eague speculations; none of ihecn pvc any 
substantial reasons for, much less a proof of^ their view-S; 
and Coppernicus, though he may have been glad, after the 
fashion of the age^ to have the support of rcoognised 
authorities, had practically to mahe a fresh start and 
elaborate his own evidence for his opinions. 

It has sometimes iKCn said that Coppernicus proved 
what earlier writers had guessed at or suggested ; it would 
perhaps be truer to say that he took up certain floating ideas^ 
which were extremely vague and bad never been worked 
out scicntihcally, ba;^d on them certain deflnite funda^ 
mental principles, and from these principles developed 
mathematically an astronomical system which he shewed to 
be at least as capable of explaining the observed celestial 
motions as any existing \'ariety of the traditional Ptolemaic 
system. The Coppernitan System, as it left the hands of 
the author was in fact decidedly superior to its rivals as 
an explanation of ordinary observations, an advantage which 
it DWi^ quite as much to the mathematical skill with which 
it was developed as to its hrst principles; it was in many 
respects very' much simpler; and it avoided certain 
fundamental dilhculties of the older system. It was how¬ 
ever liable to certain serious objections, which were only 
overcome by fresh evidence which was subsequently 
brought to light. For the predecessors of Coppernicus 
there was, apart from variations of minor importance, but 
one scientific system which made any serious attempt to 
account for known facts; for his immediate suocet^ors there 
were two, the newer of which would to an impartial mind 
appear on the whole the more satisfactory, and the further 
study of the two systems, with a view to the discovery of 
fresh arguments or fresh oli&ervations tending to support 
the one or the other, was immediately suggested as an 
inquiry of first-rate importance. 

jdh The plan of the J)e J^iodu/fo/tiAus bears a general 
resembkuce to that of the Aimaffist. In form at least 
the book is not primarily an argument in favour of the 
motion of the earth, and it is possible to read much of 
it without ever noticing the presence of this doctrine. 

Coppernicus, like Ptolemy, begins with certain first prim 
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chiles ar postulates, buE on account Qf their nc^elty ta^cs 
n Htttc mere trouble thuin his predecessor (c£ chapter ii.;,, 
§ 4?) to make them at once appear probable- With 
these postulates as a basis he proceeds to develop^ by 
means of elabomte and rather tedious mathematical reason¬ 
ing, aided here .'ind there by rtferenccs to obsen’ations^ 
detailed schemes of the various celestial motions; and it 
is by the agreement of these calcolations «rith observadons, 
far more than hy the general reasoning given at the 
beginning, that the various pHstulateB are in efleet jtistihcd, 
Kis hrst postulate, that the universe is spherical, is 
supported by vague and inconclusive reasons similar to 
those given by Ptolemy and others; for the spherical form 
of the earth ho gives several of the usual valid arguments, 
one of his pmofs for its curvature from east to west being 
the fact that eclipses visible at one place are not visible 
at another, A third postulate, that the motions of the 
celestial bodie? ate uniform circular motions or ate com^ 
pounded of such motions, is, as might be expected, sup¬ 
ported only by reasons of the moat unsatisfadiory character. 
He argues, for example, that any wont of uniformity in 
motion 

nris!! either from irregularity in the mming imwcr, 
ivhethcr this be wilhin the body or foreigci to it, or from aome 
inet^uality of the body in levoludon. . . . Both of which thiagsi 
the intellect ehnnfcg from ^vith harror, it being un^tvortliy to hold 
such a view about bodies which are constituted in the most 
fxrfect ortler.'’ 

77. The discussion of the possibility that the earth may 
move, and may even have more than One motion, then 
follows, and is more satisfactory though by no means con¬ 
clusive. Coppemlcus has a hrm grasp of the principle, 
which Aiistotlc bad also enunciated, sometimes known ns 
that of relative motiou, which he states somewhat Os 
follows 1— 

"■ For all change in position which is seen is due Eo a rnotion 
either of the observer or of the thing looked St, OT to cliatvps 
in the position of both, provided lhat these ve differenf. For 
when Ihings arc moved ci^ually relatively to the same things, 
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no motian \a porcett'nj, beLwoeti ihc object sctn and the 
obSEHTer.” * 

Coppemicus gives no proof of this principle, regarding 
tt protably as sufficiently obvious, when once stated, to 
the matheirtatiqians and astronomers for whom he was 
writing. It is, however, so fandamenUl that it may be 
worth while to discuss it a little rnorc fully* 

Let, for example, the observer be at a and an object at 
0, then whether the object move from it to b', the observer 
remaining at rest, or the obsen'er move an distance 
in the opposiu direction, from a to a', the object remaining 
at rest, the effect is to the eye oxai^y the same, since in 
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either case the distance between the observer and object 
Md the direction in whicli the object is seen, represented 
in the first case by a b' and in the second by it, arc the 
same. 

Thus if in the course of a year tUher the sun passes 
successively through the positions a, u, c, d (fig. 38), the 
earth remaining at rest at k, or if the sun ia at rest and 
the earth passes successively through the positions h, 4 
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at the corresponding tinted the ^un remajiting at rest at a, 
exactly the same e^ect k produced on the eye, provided 
that the lines ns, f-S, n's oiet ^ lu the figure, equal in 
length and parallel in. direction to e a,, e D, li c, i£ D re^ 
spectively. The same being true of irttermediate points, 
exactly the same apparent effect is produced whether the 
sun describe the circle a c C t>, dr the earth dc^ribe at 
the same rate the equal circle a ^ c d. It will be noticed 
further that, although the corres^nding moHona in the 
two cases are at the same limes in opf>&siU directions (as 
at A and n), }'et each cirdc as a whole is described., 
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as indicated by the arrow heads, in the same direction 
(contrary to that of the mottem of the hands of a dock, 
in the figures glvt.‘n)r It follows in the same sort of way 
that an apparent motion (as of a planet) may be expUinetl 
as due paiiialty to the motion of the object, partially to 
that of the ob^rveti 

Coppernicus gives the familiar illustration of the 
passenger in a boat who sees the land apparently moving 
away from him, by quoting and explaining Virgil's line ;— 

" Prnvichiniiir portu. tcirseque iirbesqujE receduriL" 

78. The apphottion of the same ideas to an apparent 
rotation round the observer, as in the case of the apparent 
daily motion of the celestial sphere, Is a little more difficult. 
It must be remembered that the eye has no means of 
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judging the direction of an object tifccn by itself; it can 
only judge the difference between the direction of the 
object and some other direction^ whether that of another 
object or a direction fixed in some way by the body 
of the observer- Thus when after looking at a sur twice 
at an inieiral of time we decide that it has moved^ this 
means [hat its direction has changed relatirtly to^ say, some 
tree or house which we had noticed nearly in its direction^ 
or that its direction has changed relatively to the direction 
in which we are directirig our eyes or holding our bodies. 
Such a change can evidently he interpreted as a change of 

direction, cither of the star 
or of the line from the eye 
to the tree which used 
as a lirre of reference^ To 
apply ihis to the case of the 
celestial sphere, let us sup¬ 
pose that 3 represents a star 
on the celestial sphere, which 
(for simplicity) is overhead 
to an observer on the earth 
at A, this being determined 
by coDijiarison with a line 
A It drawn upright on die 
earth. Next, earth and ce¬ 
lestial sphere being supposed 
to have a common centre 
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at let US suppose 

that the celestial sphere turns round (in the direction of 
the hands of a clock) till s comes to s*, and that the 
observer now' sees the star on his honzon or in u direction 
at right angles to the original direction A B, the angle 
turned through by the celestial sphere l>eing s o s'j and 
HiQndfy that, the celestial sphere being unchanged, the 
earth turns round in the opposite direction, till a b comes 
to B , and the star is again seen by the observer on his 
horison. ^Vhichever of these motions has taken place, 
the observer sees exactly tlie same apparent motion in the 
5^j and the figure shews at once that the angle s o s' 
through which the celestial sphere was supposed to turn 
in the first case is e<|UaJ lo the angle a o a' through which 
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the tarth turns in the seconcl case, but that the two 
ro^tJons arc in opposite directions- A similar expianation 
evidently applies to more complicated cases. 

Hence the apparent daily rotation of the celestial sphere 
about an ftjtis through the poles would be produced equally 
vrclt, either by an actual rotation of this character, or by 
.T rotation of the earth about on axis &]•}<> passing through 
the poIeiSi and at the same rate, but in the opposite 
direction, i.t. from west to east. This is the first motion 
which Coppeniicus assigns to the earth. 

79, The apparent annual motion of the sun, in accordance 
with which it appeal^ to revolve round the earth in a path 
which is nearly n circle, can be equally well explained by 
supjxKing the sun to be at rest, and the earth to describe 
an exa^Iy equal path round the sun, the direct]on of the 
reraiution being the same, 'J'his k virtually the second 
motion which Coppcmicus gives to the earth, though, on 
account of a pe^liarity in his geometrical mech^, he 
resolves this motion into two others, and combine^ wrih 
one of ihe^e a further small motion which is required for 
precession.* 

80. Copperrricus's eonccption then is that the earth 
revolves round the sun in the plane of the ecliptic, while 
rotating daily on an axis which continually points to the 
poles of the celestial sphere, and therefore retains (save for 
precession) a fixed direction in space. 

ft should Ik noticed that the two motions thus assigned 
to the earth are perfectly distincteach requires its own 
proof, and explains a diJTerent set of appearances. It was 
quite possible, with perfect consistency, to believe in one 
motion without believing in the other, as in fact a very 
few of the idth'Ccntury astronomers did (chapter v., § 105). 

In giving his reasons for believing in the motion of the 

' Td Coppcmlfrui, as Iq many nf hia cont^ntpondcS, a* wa!ll m% td 
the Gr»ki^ Out iimplcst Tonn of a mrotulkin of doc liody round 
Moihcr was a motian in whkh the tcvolvinE body M if 

riEldly aiCacbcd lo the central body. Tbu* (u tbe Oiae of Ibc earth 
the aeeorkd taotioft Was SiKib that tbc axis of the earth mnained 
inclined at a ccnatsnt ane^]« lo the line jaioiDf earth and «un, and 
ihcTcfaj^ changed Ita directiao [n apace, tn Order then to (nako the 
axis relain a (nearly) fued direction in space, it was necessary To add 
a iftr'rtt motion. 
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j4 SAiiri a/ Astroni^ftty 

crtrlh Copperntcrus diiiCUsscs the chief objections which had 
been urged by Ptolemy* 'I'o the objection that if the earth 
had a rapid motion of rotation about its axu, the earth 
would be in dang^er of iijing to pieces, and the air^ as wot] 
ns loose objects on the suifacoj would be left behind;) he 
replies that if such a motion were dangerous to the solid 
earth, it must be much more so to the celestial sphere, which, 
on account of its vastly greater size, would have to move 
enormously faster than the earth to complete its daily 
rotation; he enters also into an obscure discussion of 
difference between a “ natural *' and an “ artificial ” motion, 
of which the former might be expected not to disturb 
anything on the earth. 

Coppcmicus shews that the earth is very' small compared 
to the Sphere of the stars, liccausc wherever the objicrver 
is on the earth the horizon appears to divide the celestial 
sphere into two c<]U 4 l parts and the observer appears always 
to Ije at the centre of the sphere, so that any distance 
through w'hich the observer moves on the earth is Ini' 
perceptible as compared with the distance of the stars. 

Si. He goes on to argue that the chief irregujority in the 
motion of the planets, in virtue of which they move back¬ 
wards at intervals (chapter | 14, and chapter 11., § 51), 
can readily be explained in geneml by the motion of the 
earth by 1 motion of each planet round the sun, in its 
own time and at its owm distance. From the fact that 
\enus and Mercury were never seen very far from the sun, 
][ could be inferred that their path-S were nearer to the sun 
than that of the earth, Mercury being the nearer to the sun 
of the two, because never seen so far from it in the sky as 
Venus, 'rhe other three planets, being seen at times in a 
direction opposite to that of the sun* must necessarily 
evolve round the sun in orbits larger than that of the 
earth, a view confirmed by the fact that they were lirighlcst 
when 0 |)posiEe the sun (in which positions they would be 
nearest to us). The order of their respective distances 
from the sun could be at once inferred from the disturbing 
effects produced on their appiarent motions by the motion 
of the earth 3 Saturn being least affected must on the whole 
^ farthest from the earth, Jupiter next, and Mars next. 
I’he earth thus became one of six planets revolving round 
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the sun, the order of distance—Mercury, Venus, Earth, 
Mars, Jupiter, Saturn—being also in accordance with the 
rates of motion round the sun. Mercury performing its 
revolution most rapidly (in about 88 days •), Saturn most 
slowly (in about 30 years). On the Coppcmican system 



Fic. 40L—The BoUr syBtem Bccordin^ to Coppernirat. From the 
Dt Revoi»ihom6tu. 

the moon alone still revolved round the earth, being the 
cmly celestial body the status of which was substantially 

* Id thb prehminary diicauioa, as in fig. 40, Copprmictis givea 
80 days; but in the more detailed treatment jpvrn in Book V. be 
correct! this to 88 days. 
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unchanged ; and thus Coppcmicus was able to give the 
accompanying diagram of the solar system (fig. 40), repre¬ 
senting his view of its general arrangement (though not of 
the^ nght proportions of the difierent parts) and of the 
various motions. 

82. The cfiTect of the motion of the earth round the sun 
on the length of the day and other seasonal effects is 



which 

^ centre of the earth in four 

^itions, occupied by it about December a3rd, March aisL 
June aand, and September 22nd respectively {U at the 

^ »® ■» *® «n»kc it a*Tee with 
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U^innings of ihe four seasons, according to astronomical 
reckoning); the circle f o H i in each of its positions 
represents the equator of the earth, />. a great circle on 
the earth the plane of which is perpendicular to the axis 
of the earth and is consequently always parallel to the 
celestial equator. This circle is not in the plane of 
the ecliptic, but tilted up at an angle of 23^°, so that f 
must always be supposed bclofw and h abovt the pbne of 
the pa|w (which represents the ecliptic); the equator cuts 
the ecliptic along c i. The diagram (in accordance with the 
common custom in astronomic diagrams) represents the 
various circles as seen from the north side of the equator 
and ecliptic. When the earth is at a, the north pole (as is 
shewn more clearly in fig. 42, in which p, p' denote the 
north pole and south pole respectively) is turned away 
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Fic. 42.—Copperaicsn es^siiation of the Masons. From the 
Dt Rtvotm/iomt6ma. 


from the sun, E, which is on the lower or south side of the 
plane of the ^uator, and consequently inhabiunts of the 
northern hemisphere see the sun for less than half the day, 
while those on the southern hemisphere see the sun for more 
than half the day, and those beyond the line k L(in fig. 42) 
see the sun during the whole day. Three months later, 
when the earth’s centre is at b (fig. 41), the sun lies in the 
plane of the equator, the poles of the earth are turned 
neither towards nor away from the sun, but aside, and all 
over the earth daylight lasts for 12 hours and night for an 
equal time. Three months later still, when the earth’s 
centre is at c, the sun is above the pl^e of the equator, 
and the inhabitants of the northern hemisphere see the 
sun for more than half the day, those on the southern 
hemisphere for less than half^ while those in parts of the 
earth farther north than the line m n (in fig. 42) see the 
sun for the whole 24 hours. Finally, when, at the autumn 
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^uinox, the earth has reached d (fig. 41), the sun is again 
in the plane of the equator, and the day is evetywhere equal 
to the night 

83. Coppemicus devotes the first eleven chapters of the 
first book to this preliminary sketch of his system; the 
remainder of this book he fills with some mathematical 
propositions and tables, which, as previously mentioned 
(§ 74), had already been sep^tely printed by Rheticus. 
Ilie second book contains chiefly a number of the usual 
results relating to the celestial sphere and its apparent 
daily motion, treated much as by earlier writers, but with 
greater mathematical skill Inddentally Coppemicus gives 
his measurement of the obliquity of the ecliptic, and infers 
from a comparison with earlier observations that the 
obliquity had decreased, which was in fact the case, though 
to a much less extent than his imperfect observations 
indicated. The book ends with a catalogue of stars, which 
is Ptolemy’s catalogue, occasionally corrected by fresh 
observations, and rearranged so as to avoid the effects of 
precession.* When, as frequently happened, the Greek 
and Latin versions of the Almagest gave, owing to copyists’ 
or printers’ errors, different results, Coppemicus appears to 
have followed sometimes the Latin and sometimes the 
Greek version, without in general attempting to ascertain 
by fresh obseiv'ations which was right 

84. The third book begins with an elaborate discussion 
of the pre«ssion of the equinoxes (chapter ii., § 4a). From 
a^ comparison of results obtained by Timocharis, by later 
Greek astronomers, and by Albategnius, Coppemicus infers 
that the amount of precession Im varied but that its 
average s’alue is 50**2 annually (almost exactly the true 
value), and accepts accordingly Taoit ben Kona’s unhappy 
suggestion of the trepidation (chapter iii., § 58). .An 
examination of the data used by Coppemicus shews that 
the erroneous or fraudulent observations of Ptolemy 
(tdiapter 11., § 50) are chiefly responsible for the perpetua¬ 
tion of this mistake. 

• Coppcmicos, iiutewl of fiving longitudes as measured from the 
Brw ^nt of Aries (or vernal equinoctial point, chapter i., SS 11, 13), 
which moyra on account of prccenion, measured the longitudes from 
a standard fixed star (a / 1 nir/u) not lar from this point. 
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^ Of much more interest than the detailed discussion of tre¬ 
pidation and of geometrical schemes for representing it is 
the interpretation of precession as the result of a motion of 
the earth’s axis. Precession was originally recognised by 
Hipparchus as a motion of the celestial equator, in which 
its inclination to the ecliptic was sensibly unchanged. 
Now the ideas of Coppcrnicus make the celestial equator 
dependent on the equator of the earth, and hence on its 
axis; it is in fact a great circle of the celestial sphere 
which is always perpendicular to the axis about which the 
earth rotates daily. Hence precession, on the theory of 
Coppemicus, arises from a slow motion of the axis of the 
earth, which moves so as always to remain inclined at the 
same angle to the ecliptic, and to return to its original 
position after a period of about a6,ooo years (since a 
motion of 50*'a annually is equivalent to 360® or a complete 
circuit in that period); in other words, the earth's axis 
has a slow conit^ motion, the central line (or axis) of the 
cone being at right angles to the plane of the ecliptic. 

85. Precession being dealt with, the greater part of the 
remainder of the third book is devoted to a disctission in 
detail of the apparent annual motion of the sun round the 
earth, corresponding to the real annual motion of the earth 
round the sun. The geometrical theory of the Almagest 
was capable of being immediately applied to the new system, 
and Coppemictis, like Ptolemy, uses an eccentric. He 
makes the calculations afresh, arrives at a smaller and more 
accurate value of the eccentricity (about instead of 
fixes the position of the apogee and perigee (chapter n., § 39), 
or rather of the equivalent aphelion and perihelion (/>. the 
points in the earth’s orbit where it is respectively farthest 
fiom and nearest to the sun), and thus verifies Albategnius’s 
discovery (chapter iii., §59) of the motion of the line of 
apses. 'Fhe theory of the earth's motion is worked out in 
some detail, and tables are mven whereby the apparent place 
of the sun at any time can be easily computed. 

The fourth bwk deals with the theory of the moon. As 
has been already noticed, the moon was the only celestial 
body the position of which in the universe was substantially 
unchanged b>’ Coppernicus, and it might hence have been 
expected that little alteration would have been required in 
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the traditional theory. Actually, however, there is scarcely 
any p^t of the subject in which Coppemicus did more to 
diminish the discrepandes l>etween theory and observation. 
He rejects Ptolemy’s equant (chapter ii., § 51X partly on 
the ground that it produces an irregular motion unsuitable 
for the heavenly bodies, partly on the more substantial 
ground that, as already pointed out (chapter 11., § 48), 
Ptolemy’s theory makes the apparent siic of the moon at 
times twice as great as at others. By an arrangement of 
cpic)’cles Coppemicus succeeded in representing the chief 
irregularities in the moon’s motion, including eveclion, but 
without Ptolemy’s prosneusis (chapter ii., § 48) or Abul 
Wafa’s inequality (chapter in., § 60), while he made the 
changes in the morni’s distance, and consequently in its 
apparent siae, not very much greater than those which 
actually take place, the difference being imperceptible by 
the rough methods of observation which he used.* 

In discussing the distances and sizes of the sun and 
moon Coppemicus follows Ptolemy closely (chapter 11., § 49; 
cf. also fig. 20); he arrives at substantially the same estimate 
of the ^stance of the moon, but makes the sun's distance 
1,500 times the earth’s radius, thus improving to some extent 
on the traditional estimate, which was based on Ptolemy’s. 
He also de^’elops in some detail the effect of parallax on 
the apparent place of the moon, and the variations in the 
apparent size, owing to the variations in distance; and the 
book ends with a d^cussion of eclipses. 

86. The last two books (V. and VI.) deal at length with 
the motion of the planets. 

In the cases of Mercury and Venus, Ptolemy’s explana¬ 
tion of the motion could with little difficulty be rearranged 
so as to fit the ideas of Coppemicus. We ha>*e seen 
(chapter 11., §51) that, minor irregularities being ignored, 
the motion of either of these planets could be represented 
by means of an epicycle moving on a deferent, the centre of 

• According to the theory of Coppemicui, the diameter of the 
moon when greateat was about | greater than iU average amount; 
modern obaervationa make this fraction about ,*,♦ Or# to put it other* 
wise, the diameter of the moon when greatest ought to exceed its 
value when least by about 8^ according to Coppemicus, and by about 5' 
according to modem obaervationa. 
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the epicycle being always in the direction of the sun« the 
ratio the sizes of the epicycle and deferent being fixed, 
but the actual dimensions being practically arl)itrary. 
Ptolemy preferred on the whole to regard the epicycles of 
l^h ^cse planer as lying between the earth and the sun. 
The idea of making the sun a centre of motion having once 
Iwn accepted, it wm an obvious simplification to make 
the centre of the epicycle not merely lie in the direction 
of the sun, but actually be the sua In fact, if the pbnet 
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in question revolved round the sun at the proper distance 
and at the proper rate, the same appearances would be 
produced as by Ptolemy's epicycle and deferent, the path 
of the i^et round the sun repl^ng the epicycle, and the 
apparent path of the sun round the earth (or the path of 
the earth round the sun) replacing the deferent. 

In discussing the time of revolution of a planet a dis* 
tincuon has to be made, as in the case of the moon (chap- 
ter II., § 40), between the synodic and sidereal periods of 
revolution. Venus, for example, is seen as an evening star 

8 
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at Its greatest angular distance (rom the sun (as at v in 
ng^ 43) internals of about 584 di)^ This is therefore 
the time which Venus lalces to return to the same position 
relatively to the sun, as seen from the earth, or tclativcly 
to the earth, as seen, from the sun; this time is called 
the synodic period. But as during this time the line e s 
has chang^ its direction, V'cnus Is no longer in the 
same position relaLi\'cly to the stars, as seen either from 
the sun or ftom the earth. If at first Venus and the 



evidcn ,• be Men ra quite s diBerent part of ihe skv 

«1?B * rl P«ddnii«i an eiact reralution round the 

eun. ti „ uaportant to know how long the line ^7101^ 
10 return to the same poeition, u. hm llrVell 
U. return to the mme^ihion withls,!", .o'Z Ir” 
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US 

frani the su^ an miprva) of Utne known a.? the 
ttdereal ihis can evidently be calcufarcd by a 

simple mlc-of three sum from the data given. For Venus 
tias ]n 584 days gained a complete revolution on the 
earth, or has gone as far as the earth would have tone in 
534 + 3\5 949 s (fractions of dt>'a being omSted for 

simplicity) j hen« Venus goes in 5B4 x ^jrdays as far 

in ™»"l*>ete4r a revolution 

PtMcss used by Copptrnicus was 
different, as he saw the advantage of using a long period of 
^ dimmish the error due to minor irregularities, 
and he therefore obtained two observations of Venus at 
a considerable interval of time, in which Venus occupred 
very ne^ly the Same position both with reanect to the sun 
and to the stars, so that the interval of time contained verv^ 
nearly an exact number of sidereal periods as well as of 
synodic penotk By dividing therefore the ohsened 
inter^TiJ of time by the number of sidereal periods (which 
bcir^ a whole nmnlxjr could readily he estimated), the 
sidere^ pern^ was eisily obtained, A similu process 
shewed that the synodic period of Mercury was about 116 
days, and the sidereal period about B8 dayi 
The comparative si«s of the orbits of Venus and 
Atercury ^ compared with that of the earth could easily 
t)e aacertamed from observations of the position of either 
planet when most distant from the sun. Venus for 
example, appears at its greatest distance from the sun when 

‘“^chtjs the circle in 
which \ enus moves, and the angle e, v, s is then fbv 
a kno™ properly of a dtdt) a n^Khl Mgle. The inbi 
i ti V, being obHinTd. Ihc shape of the Inangle s E. v.'is 
known, and the ratio of its sides can be readily calculated. 
Thus Coppernicus found that the average distance of 

.ill? 7 ^ And that of Mercury 

aiwut 34 the distance of the earth from the sun being 
taken to Ik iqo; the corresponding modem figures are 
7J"3 and 337. u v 

superior pknets, Mara, Jupiter, 
^d Saturn, it was much more difficult to rectHEnisc that 
their motions could be explained by supposing them to 
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feij'olvc rqund the sun* since the centre of the epkycle 
did not lie in the direction of the sun, bet might 

be anj-wh^e in the ecliptic. One pecuti.trity, however* 
in the motion of any of the superior planets might easily 
haiit suggested their motion round the sun, and was cither 
completely overlooked by Ptolemy or not recognised by 
him as important. It is possible that it was one of the 
does which led Coppcmieus to his sj'stem. This peculi¬ 
arity^ is that the radius of the epicjtle of the planet, 
is always paraliel to the line c s joining the earth 
and sun, and consequently performs a complete re¬ 
volution in a year. This 
connection between the 
motion of the planet and 
that of the sun received 
no explartntion from 
Ptolemy's theory. Now 
if we draw e f parallel 
to j } and equal to it in 
length, it is easily seen * 
that the line j is equal 
and parallel to e/; that 
consequently j describes 
a circle round j* just as 
/ round e. Hence the 
motion of the planet can 
J t . , equally well be repre- 

«ntcd by supposing it to move in an epicycle (represented 
by the btge dotted cirde in the figure) of which/ irihc 
centre and / j the radius, while the centre of the epicycle 
remaining always in the direction of the sun. d^uhes 
a deferent (represented by the small circle round e) of which 
he earth i, the «ntre. By this method of repr^entaiion 
the motion of the superior phnet Is exactly like that of 

Wicycte is larger than 
IB deferent; the same reasoning as Wore shqw^ that the 

by supposing the centre 
J of the epicydc to be actually the sun. Btolemy's epicycle 
and deferent are therefore capable of being replaced, with¬ 
out niTecting the position ofthe planet in the sky, by a 
' Euctfd, T. jj. 
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motion of the planet m a circle round the sui^ while the 
sud moves round the earthi or, more simplyp the earth 
round the sun. 

The synodic ^nod of a superfer planet could best be 
determined by ol^rvin^ when the planet was in opposition^ 
U. when it was fncarly) opposite the sun, or, nnore 
Rcr^rately (since a planet does not move exactly in the 
tebptic), when the longitudes of the planet and sun differed 
by t8o° (or two right aniglcs^ chapter Ji., § 43). The 



FiiS. 46.—The fvliltve iiks of the orbits ol the outb aad of a 
soperiar pUncL 

sidereal period could then be deduced nearly as in the case 
of an inferior planet, with this difference, that the superior 
planet moves more slowly than the earth, and therefore h$et 
one complete revolution in each synodic period; or the 
sidereal peri^ might be found ns before by observing 
when oppoaitiona occurred nearly in the same part of the 
sky.* Coppemicus thus obtained very fairly accurate 

* If P be the eynddic period of a plAoet (\a yvi.n\ mnd 9 the 
sirfcrcAl period, then we evidently hire - + t ~ ^ fer en inteiinr 

II r A 

plADct, And I - - = - for a so perinr pi*oet. 
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values for the synodic and sidereal periods^ vh. -jSo days 
and 63 ; djiys respectively for Mars, 599 days and about 
la years fot Jupiter, 37S daj-s and jo years for Satum 
(cf. fig, 4 d), 

calculation of the distance of a superior planet 
from the sun is a good deal more complicated than that 
of \cnus Of Mercuty. If we ignore various details^ the 
proems followed by Coppemicus is to compute the pceition 
of the planet as seen from the sun, and then to notice 
when this portion differs most from its position as seen 
from thcearthp when the earth and sun are farthest apart 
^ Kcn from the planet. This is dearly when (fig. 46) 
the hue joining the planet (p) to the earth (k) touches the 
orcle described by the earth, so that the angle s p f, is 
then as gfcat as possible, The angle r f s is a right 
angle, and the angle s f f is the difference between the 
obsei^d place of the planet and its computed place as 
seen from the sun ; these two angles being thus known, the 
shape of the triangle 5 p e is known, and therefore also 
the ratio of Its sides. In this way Coppemicus found 
the average distances of Mars, Jupiter, and Saturn from die 
sun to Iw respectively about if, 5, and 9 times that of the 
^^responding modern %ures are 1*5, 5-3, Q‘5, 

88. Tnc explanarion of the stationary paints of the 
planets (^apter 1,, § 14) L? much simplified by the ideas of 
J^oppernic^. If we mke firet an inferior planet, say Mcroiry 

(hgr 47 )f then w'hen it lies between rhe 'Ti In rT cim -fkw. 


^ric.Lury appears to oe moving towards the left, 



Pointj 11 ^ 

or fmm west to cast. Hence between h, and h its mation 
ills changed from direct to retrograde, and therefore at 
rome miermediate point, say /w, (about Aug. at in fie. j), 
Mercupif appears for the moment to be stationary, and 
sxmi^ly It appears to be stationary again when at some point 
w, between m and (aijout Sept rj in fig. y). 

In the case of a saperior p].Tiiet, say Jupiter, the argument 
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is nearly the same. ^Vhcti in opposition at j (as on 
Mar. 26 in fig, 6), Jtipiter mo^'es mote slowly than the 
earth, and in the same direction, and therefore appears to 
be moving in the opposite direction to the earth, f.g. as seen 
from e (fig, 4^), from left to right, or from east to west, that 
is in the fctrogradc direction. But when Jupiter is in 
either of the positions j, or j (in which the earth appears 
to the observer on Jupiter to be at its greatest distance 
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from th(i sun), the motidn of the earth itself being directly 
to or from Jupiter produces no effect on the apparent 
motion of Jupiter {since any displacement directly to or 
from the observer makes no difference in the object's 
place on the celratial sphere); hm Jupiter itself is actually 
moving toirards the left, and ther^ore the motion of 



Jupiter appears to be also from right to left, or from west 
to east* Hence, as before, between h and j and between 
j and j, there rnust be points j\, (Jan. 24 and May *7, 
in fig. 6) at which Jupiter appears for the momcm to be 
stationary. 

The actual discussion of the stationary points given by 
Coppernicus is a good deal more elaborate and more 
technical than the outline given here, as he not only shews 
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thjL the sutianoj^ pOinEs miist exist, but shews bow to 
calculate their exact positions. 

So far the theory of the planets has on.ty been 
sketched very roughijv iti order to bnng into prominence 
the essential differences between the Copperntcan and the 
Ftolcmaii:: explanations of their motions, and no account 
has been taken of the minor ifrcgularities for which Ptolemy 
devised his sy-stem of equanis, eccentrics^ etc., nor of the 
motion in latitude, tj, to and from the ecliptic. Copper- 
nicus, as already mentioned, rejected the equant, as twing 
productive of an irregularity unworthy** of the celestial 
bodies, and constructra for each pbnet a fairly complicated 
system of epicycles. For the motion in latitude dis* 
cussed in Book VJ. be supposed the orbit of each planet 
round the aun to be inclined to the ecliptic at a small 
angle, different for each pbnet, but found it necessary, in 
order that his theory should agree with obser^Tition, to 
introduce the wholly Imaginaty complication of a regular 
increase and decrease in the inclinations of the orbits of 
the planets to the ecliptic. 

'rhe actual details of the epicy^ctes cm ployed arc of no 
great Interest now, but it may be worth while to notice that 
for the motions of the moon, earth, and five other pbnets 
Coppernicus required altogether ^4 oireles,^ vil . four for the 
moon, three for the earth, seven for Mercury (the motion 
of which is peculiarly irregular), and five for each of the 
other planets; this number being a good deal less than 
that required in most versions of Ptolemy's system: 
Fracastor (chapter Jii<, $ 69)r for example, writing in 1533, 
required 79 spheres, of which six were required for the 
fixed stars. 

OCX The planetary theory' of CofTpemicus necessarily 
suffered from one of the essential defects of the system of 
epicycles. It-is, in fact, always possible to choose a system 
of epicycles in such a way as to make tit/ter the direction of 
any Dooy or its distance vary in any required manner, but 
not to Satisfy' both requirements at once. In the case of th e 
motion of the moon round the earth, or of the earth round 
the sun, cases in which variations in distance could not 
readily be observed, epicycles might therefore l>c expected 
to gis'e a ^satisfactory result, at any rate until methods of 
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ob^rvation were sufficientl/improved to mea^iure with some 
Mcuracy the app^ircnt siits of the sun and moon, and so 
Check the rartattons in Lheir distances. Btit any variation 
in the distan^ of the earth from the sun would aH^t not 
merely the distance, but also the direction In which a phnet 
would be seen ; in the figure, for example, when the planet 
IS at p and the sun at s, the apparent position of the planet, 
as seen from the earUi, will be different according^ the 
Mith IS at M or Hence the epicycles and eccentrics of 
Coppermeus, which had to be adjusted In such a way that 



^ey ncoewarlly involved Incorrect s-alucs of the distances 
^cen the sun and earth, gave rise to corresponding 
errors in the ol^rved places of the planets. The obser 
Coppemicus were hardly extensive or 
accurate enough to show thts disctepancy clearly : but a 
ciTJcial test was thus virtually suggested by means of which 
when further ob^rvations of the planets had been made 
between an epit^clic representa' 
schenfe^*^”^^^'^ ^ ptanels and some other geometrical 

91. The merits of Coppetnicus are so great, and the part 
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whEcIi be piaycd in ibe overthrow of ihtr Ptolemaic systocn 
is so Conspicuous, I hat we arc sometimes habic to foigct 
iliat, So far from rejecting the epicycles and eccentrics of 
the Grceksi he used no other geometrical devices,, and was 
even a more orthodojc “ cpicydist” than Ftolcmy himself 
as he rejected the wjuants of the latter^* Milton's famous 
description {Par. VlJl. 83-5) of 

'"The Sphere 

With Centric and EecenlHe scnbbled o'er, 

Cyde and Epieycle, Orb In Orti,*" 

applies therefore just as well to the astronomy of Copper- 
nicus as to that of his predecessors^ and it was Kepier 
fehaplcr VII,), writing more than half a century later, not 
Coppemicus, to whom the rejection of the epicycle and 
eccentric is due, 

gj. One point which was of importance in Liter 
controversies deserves special iiientioa here* The basis 
of the Coppemican system was that a motion of the 
earth carrying the obscn"cr with it produced an ap|)orenE 
motion of other bodies. The apparent motions of the 
sun and planets were thus shewn to be in great part 
errpl (cable as the result of the motion of the earth round 
the sun. Similar reasoning ought apparently to lead 
to the conclusion that the diced stars would also appear 
to have an annual motion. There would, in fact, be a 
displacement of the apparent position of a star due to 
the aJteniLEon of the earth's position in its orbit, closely 
resembling the alteration in the apparent position of the 
moon due to the alteration of the observer's position 
on the earth which had long been studied under the name 
of parallax (chapter ii., § 43). As such a displacement 
had nev’er licen observed, Coppemitms explained the 
apparent contradiction by supposing the fixed stars so 

* RcC^l biocmt^hcTB ha.vE railed arrention to a icancdlrd pavugc 
Jn tiK manuscriM of tho La wbich CoppemLcua 

alley's ihaC an ellipse cain be sjtotrattd by a cginbtnaiicin of divular 
Enotiau, Tbc prOpAirlcn is, hawci'er, onty a pim oT pure irstbc- 
tnalUra, and bu no relation to tbtt monons of the ptancla imind the 
mn, ^ It Cannot, cherefbre, laLrly be regarded as Ui aay Way aa 
antLcipation of the id^na cf Kepler (rbaptcr vii,). 
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far off that any motion due to ihis cause was too small 
to be noticed If, for e^cample, the earth moves in six 
months from e to e', the change in direction of a star at 
s' is the angle e' s’ e, which is less than that of a nearer 
star at s; and by supptising the alar s’ sufficiently remote, 
the angle % € IL can be made as small as may be required. 
For mstance, if the distance of the sHr were joo times 
the distance e e', i^. ^00 times as for fmm the earth a.s 
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the sun is, the angle es"e' would be less than la’, 
a qtuntity which the mstruments of the lime were barely 
capable of detecting.* But more accurate observations 
of the fixed stars might be expected to throw further light 
on Ibis problem. ^ 



‘ k may be BolEccd that the diifcrcTitial oicltiDd of Oanllu 
^ which such a t^unlily aa ri' cotild have 







CHAPTER V, 


THE RECEPTiON OF THE COPI'EHNICAN THEORV AND THE 
OF OBSERVATION, 

'' Preposteivu) will ih^t cannot row at cMc 
On the aniDDth channel oC Our common seu; 

A4qd eoch ore ihode, in my conceit at k’Oti, 

Those clerks lltal think—think hoiv absurd n jest |— 

That neither bcai>iens nor stars do turn at a|^ 

. Nor dance atnuL tbu ^reat rOfttMl Earthly Boll, 

But the Eirth itielii thEs mauy ^lobe of aorOr 
Turns round about once cvei^ twice (welFr bonral" 

Du BnlrtAS (SyK'ester'a IranilatioD), 

93’ publtcation of the I}f Rtv^tinHottibus appeals to 
hat'c been received much more quietly than might have 
been expected from the startling nature of its contents. 
The book, in was so vrriiien os to be unintejligtble except 
to matbematiciana of considerable knOTclcdge and ability, 
and could not have been read at all generally. Moreover 
the preface, iruerted ^ Osiandcr but generally supposed 
to be by the author himself, inu»t have done a good deal 
to disarin the hostile criticism due to prejudice and custom, 
by representing the fundamental principles of Coppemkus 
as mere gccmetrical abstractions, convenient foqr calcu¬ 
lating the celestial motions. Although, os wc have seen 
(chapter iv,, § 73), the contradiction between the opinions 
of (^ppenticus and the common inTcrpretation of various 
passages in the Bible was promptly noticed by Luther, 
Mclanchihon, and others, no objection was raised either 
by the Pope to whom the book was dedicated, oir by hit 
immediate successors. 

'lire enthusiastic advocacy of the Coppernican views by 
Rheticus has already lieen referred to. The only other 
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rciL V, 

astroiiomef of note who at once accepted the new V]cw< 
and colleague Ermmus RtinhoM (bam 
occupied the chief chair of 
mathematics and astronomy at Wittenberg from 1516 to 

curiously enough, tha? the 
emphatically condemned by two of the great 
Protestant leaders were chainpioned principally in what 

thaujir'^ ^ "^^ded as the very centre of Protestant 

fHiblication of the NarroHo 
cJl^Z ^ ^ ^ or Almanack Ija^ed on 

(^55*). occupied hinLscIf principaily 
SL^whfch“h7ri'’ tKtef^ive set of madiemadeil 

?JatU,r^S^ ^ ^ '^^^ded m finishing just before his 

Reinhold rendered to astronomy the extremely imoortant 
.^race of calculating, on the basis of the Ihr Rtw/u/^oifius 
motions of the celestial bodies, which were 
published m r55j at the evipense of Duke Albert of 
end hence calfed rah,A^ 

KemhoEd revised most of the calculations made by Cooper 
^nthmetical work was OCmsianolIy^t - 
hut the chief object of the tables was the dev^homlaft 
great detail of the work ip the De RtPfAutimihu!^ 7 n such 
^Torm that the places of the chief celestial C£s at 
equired time could be ascertained with ease. The ^nrhnr 
chimed hi5 tables that from them the places of al^ dio 
heavenly bodies could be computed for the ^t 7^ 

Kri<rf°“’te“hr"'' *" recoi^J durinre 

n... 

n4*r 

s this supenonty of the new iibi™ JIT 1 

mdirectly connected with the different in ^ 

on which the two sets of tables were Fv>c j P'^J^^ciplw 

dn« to the facts that KeinhiSd ™ a 
than the astdsioots “ Alfolra^dTh^^ ^iWr computet 
not a belter mathematician than iholcmy at°anv'mi?h 'l 
letter mathematical took at command. Nevenhe^^S'e 
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tablH nnturqJly had Rrtat wei^jht in induring ihe astro- 
nomicnl world gradually to recognise the merits of the 
Copperntcar system, at any rate as a basis for calculating 
the plaixs of the celestial Ixsdies. ^ 

Rcinhold was unfortunately cm off by the plague in 
\SS 3 t “flu "With hint disapjKrarcd a commentary on the i>e 
which he had prepared but not published. 

95, Very soon afterwards we find the first signs that the 
(..oppernican system had spread into Elngland. In 1556 
jifA/f I^sWd published an almanack for the following year 
avowedly Insed on Coppcmicus and Rcinhold, and a 
ixissage in the (f IViiU (1557) by Robert Reearde 

(i! 5 io-j 5 S' 8 )i oui" first writer on algebra, shews that the 
author regarded the doctrines of Coppernicus with favour, 
even if he dtd not believe in them cnu'rely, A few years 
later rrftfwnr (?-i59S)p in his Aiae shieRtn/ae MaiAe- 
maltctJe (1573)^ an astronomical treatise of no great import- 
ance, gave warm pnusc to Copjjemicus and his Jd^is. 

For nearly half a century after the death of Rcinhold 
no important conlnbutions were tnade to the Coppemican 
controversy. Rcinhold^ tables were doubtless slowly 
doing their w'ort in familiarising men's minds with the 
new ideas, but certain definite additions to knowledge had 
to be made l^efore the evidcrtcc for them could regarded 
as really conclusive. 

The ^rious mechanical difficulties connected with the 
assumption of a rapid motion of the earth which is quite 
■jnperccptiblc to its inhabitants could only be met by 
further prt^s in mechanics, and specially in knowledge 
of the kvra according to which the motion of bodies is 
produced, kept up, changed, or destroyed; in this direction 
no considerable progress was made Ijefore the time of 
Oahlei, whose work falls chiefly into the early ijih ceniurv 
(cf. chapter vj,, f 16, 130^ ,^3)^ 

I he objection to the Coppemican scheme Uiat the stars 
shewed uo such apparent annual motions as the motion 
^ the earth should produce (chapter iv., § 9a) would also 
be Cither answered <x strengthened according as improved 
methods of observation did or did not reveal the rcQuired 
motion. 

Moreover the Prussian Tables^ although more accurate 
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thati ihc AlfoNiiftt^ h^dly cbinied, and certainly did not 
poi^ess, minute accuracy. Co[>pernicui had once told 
Rheticus that he would lie extravugantly pleased if he 
could make hia theory agtee with oJjservatlon to within to'; 
but as a matter of fact dtsctepncies of a much more 
serious character were noticed from lime to lime. I’he 
comparatively small number of observations available and 
their roughness made it extremely didicult, either to find 
the most satisfactoify numerical data neccssaiy for the 
detailed development of any theory, or to test the theory 
prO|>crly by comparison of calculated with observed places 
of the oetcsiial bodies. Accordingly it became evident to 
more than one astronomer that one of the most ptressing 
needs of the science was that absenniions should tie taken 
^ On as large a scale as possible and with the utmost 
attainable accuracy. I'o meet this need two schools uf 
observational astronomy, of very Unequal excellence, de¬ 
veloped during the latter half of the ifith century, and 
provided a mass of material for the use of the astronomers 
of the next generation. Forturuitely too the same period was 
marked by rapid progress in algebra and allied branches of 
mathematics. Of the three great inversions which have so 
enormously diminished the labour of numerical calcidations^ 
One, the so-called Arabic notation (cliapter iti., 
was already famdiarj the other two (dceitrtaJ fmetions and 
logarithms) were suggested in, the ifith century^ and were 
in working order early in the lyih century. 

57. The first important set of observations taken after 
the death of Regiomontanus and Mralther {cliapter $ 63 ) 
were due to the energy of the Landgrave IViUiain iV\ of 
Hesse (153^-1593)- He was remarl^ble as a boy for his 
love of study, and is reported to have had his interest in 
astronomy created or cumulated when he was little more 
than 20 by 3 copy of Apian's beautiful Atiron^misum 
the caxdboard models in which he caused to be 
imitated and dcveloptid in tuctahwork. He wem on with 
the subject seriously^ and in 1561 had an obscrvator)i' huilt 
at Casscb which was remarkable as being the first which had 
a revolving roof, a device now almost universal In this he 
made extensive observations (chiefly of fixed stars) during 
the next six j^ars. The death of his father then compelled 
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hitn to devote most of his cner^iy to the dutres of Rovem 
merit, and his astrgnomicai ardour abated. A feiT yeira 
later, however (iS7S)( sis the result of a short visit from 
l^e taTeiiL^ and entbiJSjaatic youHR Daolah astronomer 
lycho Brahe he renewed his astronomical work, and 

secured shortly afterwards the services of two extremely able 
^Tstants, ChtisHtin R&thmirtn (in J577) mA/ooit BUr^ 
tm 1575)^ Kothmann, of whose life extremely NtiJe is 
known, appears to have been a mathematfetan and theo^ 
retical astronomer of constdemble ahilit)', and was the 
author of several improvements in ntethods of dealing 
with various astronomical prolilems. He was at first a 
Coppcmican, but shewed his independence by calling 
attention to the needless complication Introduced by 
C^P|>emicu3 in resolving the morion of the earth into 
motions when two sulficed (chapter § 79), His 
faith in the sysEera was, however, sul^uenily shaken by 
the errora which observation revealed in the Pruismu Tahks. 
Durgi (1553-1633) was originally engaged by the Landgrave 
as a clockrnalcer, but his fcmarkaole mechanical talents 
were soon turned to astranomical account, and it then 
appeared that he also possessed unusuai ability aij a 
matheniarichtn.* 

9S. The chief work of the Cassel Observatory was the 
formation of a star catalogue. The positions of stars were 
compared with that of the sun^ Venus or Jupiter being 
u^d as connecting links, and their positions relarively to 
the equator and the first point of Aries (t) deduced: 
allowance was regularly made for the errors due to the 
refraction of light by the atmosplitre. as well as for the 
parallax of the sun, but the most notable new departure 
was the use of a clock to record the time of ob^rva' 
tions and to measure the morion of the celestial sphere. 
The construction of clocks of sufheient accuracy for the 
purpose was rendered possible by the mechanical genius 
of Btirgi, and in particular by his discovery that a clock 
could bo regulated by a pendulum, a drscovery which he 

” There i* litrtc doohl that he ic;rett|«d what wtri; »ubs[aiitiil]y 
Iccuithms in£lcp«iid£hlty of Napitr, but, with vharaclcrlstic l^iahflity 
ftf unwil^giKH to jMveUim hJj dfKOverica, aitoivcd Un; iurentirtti 
to div with him- 
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appcari to have taken no steps to pubJish^ and nhich Eiad 
m fsonAequerscc to be inadc ayain sadependently before it 
received general recognitioOn* By 15S6 ui stars had been 
carefLilly observed( but a more evicnsive catalogtie which 
was to have contained tnore than a thousand stars was 
never lintshedp owing to the ur^xpected disappearance of 
Kothtnann in ^5^0 t and the death of the [^djrrave two 
years later. 

■rjlJr The TiVOrt of the Cassel Observatorj^ was, however, 
overshadowed by that carried out nearly at the same time 
i>y ^yiAo {Tyg/)^ IiraA^. He was born in 1546 at Ktiudstrup 
in the Ji>an]5h province of Scania {now the southern 
e.vtrerEiity of Sweden)^ being the eldest tiiild of a nobleni'an 
■who was afterwards goverrtor of Helsingborg Castle. He 
was adopted as an infant by an uncle^ and brought up 
at hb country estate. When only 13 he went to the 
University of Copenhagen, where he began to study 
rhetoric and philosophy, widt a view to a poEitical career. 
He was, however, very much, interested by a small eclipse 
of the sun which he saw'm j 560, and this stireulus^ added 
to some taste for tire astrological art of casting horoscopes, 
led him to devote the greater part of the remaining two 
years spent at Copenhagen to tnatheniatics and astronomy. 
In 1561 he went on to the U'nivcrsiiy of Leipzig, accora- 
pani^, according to the custom of the time, by a tutor, 
who appears to have made per.severinjf but Unsucoessrul 
attempts to induce his pupil to devote himself to law. 
Tychoi however, was now as always a difficult person to divert 
from his purpose, and w'eni on J^teadily with bis astronomy. 
In 1563 he made his first recorded observatiDn^ of a close 
approach of Jupiter and Saturn, the time of which he noticed 
to be predicted a whole month wrong by the A//bitJsni 
Ta&Us (chapter in., § 66 ), while the TaA/es 54) 

were several days in error. White at Leipzig he bought 
also a few' rough instruments, and anticipated one of the 
great improvtiments. Afierwards carried otit Systematically, 

• A similar diacoviro' was in fact mBdc twict ajjafn, Uy GAfilci 
(chapter VI., § IT4) iind by Uuy'sena (ebapicr Viil, § 15J). 

t He oblatned leave of absence Eo pay 4 visit W Tycho Bnhe 
and never ntumed Uy Cosset He nuLM have dkd between i^w 
nnd l&^. 
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by uying to csiiinatc and to afJow for ihe errors of hit 
insLrumenu. 

In. 1565 Tycho relumed to Copenhagen, probnWy on 
ac^unt of the war mth S«rcden rthich had just broken out 
and stayed about a year, during ihe courjc of which he lost 
hls unde. He then set oui again (1566) on hia travela 
and visited Wiiicnbetg. Rostock, Uosle, Ingolstatlt, Augstjuig' 
and other centr^ of Jeamlng, thus making acquafutaniS 
wuh several of the most notable aitronomers of Germany, 
At Augsburg he met the brothers Hainwl, rich citiiens 
with a Lute for science, for one of whom he desEgnt-d and 
had const™ cteci an enomiou* guodnuit (quarter^efreJe) 
iTitn a radius of about ig feet, the tim of which was 
graduated to «ngle minutes; and he Ugan also here the 
consimciion of hts great celestial globe, hve fret m diameter. 
On which he marked one by one the posittons of the stara 
as he afterft-ards observed tficiiL 

In 1570 Tycho returned 10 his father at Hcisinjiboffi, 
and soon after the death of the latter (1571) went for 
a long vjstt to Steen JJilie, an unde with scientific tastes, 
I 3 unng this visit he seems to have derated most of his 
Ume to chcmuiry (or perhaps rather to alchemyk and his 
astronomical studio fell into abeyance for a time 
too. His interest in astronomy was fortunately revived 
by thu sudden apiJcarance, in November 157^, of a brilliant 
new star m the consteilaiion Owsiopeia, Of this Tycho 
iMlt a nurnber of cstremejy careful oLservaLloTLs; he noted 
the gradud changes in its britliancy from its first aimeaiance, 
when It rivalled Venus at her brightest, down to its final 
disappearance 16 montlu laicr. He repeatedly measured 
Its angular distance from the chief stars in Cosiiopeia 
and apphed n variety of methods to ascertain whether it 
had My perceptible paraElarc (chapter ii„ 41, 40). Hq 
parallax could be definitely detected, and he deductaccord¬ 
ingly that the star must certainly be farther off than the moon : 
^ mor«3yef it had no share in the planetary motions, he 
mfcrred that it must belong to the region of the fixed stars, 

J 0 Lis of to-day this result may appear fairly commonplace, 
but most ftstronomers of the time held so firmly to Artsiotic's 
doctnne th^ Ihe heavens generally, and the region of the 
Juicd stars m particular, were iaoorru|]tible and unchange- 
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able, that ii^w stars wtrc, like coincUi almost uni versa! !>' 
ascribed to the higher regions of our own atmosphere. 
'I’ycho wrote an account of the new starj which he was njit- 
mately induced by his friends to publis^h {t573)T together 
with some portions of a calendar for that year which he had 
prepared. His relucianee to publish appears to have been 
due in great part to a belief iliaC it was unw'ontiy of the 
dignity of a Danish nobleman to write books E The 
ijciok in question Nm-'n ■ . . cjompares ver)- 

favourably with the numerous other wTitings which the 
star called forth, though it shews that Tycho held the 
common beliefs that comets ih-ere in our atmosphere, and 
that the planets were carried round by solid crystalline 
spbcires, two delusions which, hSs ^subsequent work did 
much to destroy. He also dealt at some length with the 
astrological imporuincc of the star^ and the great events 
which it foresnadawed, utterances on which Kepler sub¬ 
sequent ty made the very sensible criticism that “ if that 
star did nothing else, at least it announced and produced 
a great astronomer,'* 

In 1574 Tycho was requested to give some astronomical 
lectures at the University of Copenhagen, the hrst of which, 
dealing largely with asirologyt was printed in 1610, after bis 
death. U'hcn these were finished, he set off again on his 
travels (iS75)- After a short visit to Casscl 97), during 
which he laid the foundation of a lifelong frientlshijj with 
the Landgrave, he went on lo Frankfort 10 buy books, 
thence to Basie {where he had serious thoughts of settling} 
and on to Venice, then back to Augsburg and to Regens¬ 
burg, where he obtained a copy of the Comin^ttfitriolus of 
Coppemicus (chapter iv.^ $ 73), and finally canie home 
by way of Saalfeld and Wittenberg. 

loi. The ne\t year (157(1) w^s the beginning of a 
new epoch in Tycho's career. The King of Denmark, 
Frederick Jl., who was a zealous patron of iicience and 
literature, determined to provide Tycho with endowments 
sufficient to enable him to carry out hia asttonomicaL work 
in the most effective way. He accordingly gave him for 
occupation the little island of Hveen in the Sound (now 
belonging to Sweden), ptoinised money for building a 
house and observatory', and supplemented the income 
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derived froini> the rents of the island by an annual payment 
of about Tycho paid his first visit to the island in 

May* soon set to work boilding, and had already begun to 
make regular observations in his new house licforc the 
end of the year. 

n'he buildings were as remarkable for their magnificence 
as for their scruntilic Utility^ Tycho never forgot that he was 
a Danish nobleman as well as an astronomer, and built in 
a manner suitable to his rank.* His chief Imildmg (fig-sOi 
called Uraniborg (the Castle of the Heavens), was in the 
middle of a Large square enclosure, laid out as a ganden,^ 
the comers of which pointed North, East, South, and ^Vest* 
and contained several; observatories, a library and laboratory, 
in addition to living rooms. Subsequently, when the number 
of pupils and assistants who came to him had increased, 
he erected (1554) a second budding, Stjerneborg (Star 
Castle), which was remarkable for having underground 
ohiicrvatorics. The convenicnoe of being able to carry out 
all necessary work on his own premises induced him 
moreover to establish workshops^ where nearly all his 
iastruments were made, and afterwards also a printing press 
and paper mill. Holh at Uraniborg and Sijemeborg not 
only the rooms, but even the instruments which were 
gradually eonstructed, were claljorately painted or otherwise 
ornamented. 

107 . The c:[pcn5eB of the establishment must have lieen 
enormous, particularly as Tycho lived in magnificent style 
and probably paid little attention to economy. His income 
was derived from various sources, and fluctuated from time 
to time, as the King did not merely make him a fixed 
annual payment, but added also temporary grants of lands 
or money. Amongst other benefactions he received in 
T57g one of the canonries of the cathedral of Roskilde, 
the endowments of which had been practically secularised 
at the Rftforraation. Unfortunately most of his jvropeny 
was held on tenures which involved corresponding obliga^ 
tions, and as he combined the irrilahitity of a genius 
w'itb the luughtfness of a mediaeval nobleman, coniinuni 
quarrels were the result. Very soon after his arrival at 

* He even did not farjct to pfavEdc one of die most rtewssafy 
piftK of A meducvil cultc, o pnjfoo I 
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Hv«n hfs tenants compkined of work which he illegally 
forced froni thenii; chapel acrvkes which hjs canonry 
required hi mi to keep up hverc neglected, and he entirely 
refused to make Certain recognised paymctiLs lo the widow- 
of the previous canon. Further difficulties arose out of a 
lighthouse, the maintenance of which was a duty attached 
to one of Ills estates, but was regularly neglected. Nothir>g 
shews the King's good feeling towards Tycho more than 
the trouble which he took to settle these quarrels, often 
ending by paying the sum of money under dispute. Tycho 
was moreover esitrcmely jealous of his scientilic reputation, 
and on more than one occasion broke out into %nolent 
abuse of some assistant or visitor whom he accused of 
stealing his ideas and publishing them elsewhere. 

In addition to the time thus spent in quaTrelltng, a good 
deal must have been occupied in entertaining the numerous 
''isitOK whom his fame attracted, and who included, in 
addition to astronomers, peinsons of rank such as several 
of the l>anish royal family and James VJ, of Scotland 
{afterward^ James I. of England). 

Notwithstanding these distractions, astronginicnl wort 
made steady progFesi;, and during the years that Tycho 
spent at Hvecn he accumulated, with the help of pupils 
and assistants, a magniheent scries of observations, far 
transcending in accuracy and extent anything that had 
l^cn accomplished t>y his prcdcccssora. \ good deal of 
atlenlion was also given to alchemy, and some to medicine. 
He seems to have Iseen much impressed with the idea 
of the unity of Nature, and to have been continually 
looking out for analogies or actual connection between 
the diiTcncnt subjects which he studied. 

103. In r577 appeared a bnlliani comet, which Tycho 
olwervcd with his customary care; aivd, although he had 
not at the time his full complement of Inslrumcnts, his 
observations were exact enough to satisfy him that the 
comet was at least three times as far oif as the moon, and 
tlius to refute the popular belief, which he had himself 
held a few years before (§ 100), that comeLs were generated 
in our atmosphere. His obsemriions lijd him also to the 
belief that the comet Wnts revolving round the sun, at a 
distance from it greater than that of Venus, a conclusion 
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■which interfered scrioiwly with the common doclnnc of 
the solid cryatflJIine Spheres. He had further opportiiniLEcs 
of observing consets in 15S0, 1582, 1585, 1590, and 1596^ 
nnd one of his pupils filso took observations of a comet 
seen in 1593- None of these comets attrncted as much 
general attention as that of 1577, but Tycho’s obscryationst 
05 was natural, gradually improved in accumeyn 

104. The valuable Tcsults obtained hy means of the new 
sLar of 1572, and by the comets, suggested the propriety of 
undertaking a complete treatise on astronomy embodying 
these and other discoveries. According to the original 
plan, there were to he three prelinjinary volumes devoted 
respectively to the new star, to the comet of 1577, and to 
the Liter comets,, while the main treatise was to consist of 
several more volumes dealing with the theories; of the sun, 
moon* and planets. Of this magnificent plan comparatively 
little was ever eitecuied. ITie fust voEume, called the 
Astra/jifjni^t! Insttii/rdtur or Introduction 

to the New Astronomy, was hardEy begun till 1588, andt 
although mostly printed by 159a, was never quite finished 
during Tycho's lifetime, and was actually published hy 
Kepler in i6os. One question, in fact, led to another 
in inch a way that Tycho felt him.^^clf unable to give 
a satisfactory account of the star of 1571 without 
dealing with a number of preliminary topics, such as the 
positions of the fixed stars, precession, and the annual 
motion of the sun, each of which necessitated an 
elaborate investigation. H'hc second volume, dealing with 
the comet of t577» called He Hfuffdi uttAfret reeen/ioriAtis 
Phnenomtnis Liher seiundus (Second booh about recent 
appearances in the Celestial World), was finished long 
before the first, and copies were sent to friends and 
correspondents in 1588, though it was not regularly pub¬ 
lished and on sale till 1603. The third volume was never 
written, though some material was collected for it, artd the 
main treatise does not appear to have been touched. 

105. The book on the comet of 1577 is of special 
interest, as containing an account of Tychob system of the 
world, which was a compromise between those of Ptolemy 
and of Co(ipcmicu3, I'ycho was loo good an astronomer 
not to revise many of iht simplifications which the 
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Coppernican ayitctn introduced, l>ijt nas unil^le to answer 
two of the serious objections ^ be regarded any motion of 
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Fiq. 51.—TjCho'i ayilcCEL aT [he World. From hia boot on tlie 
comet of 1577. 


filtiggtsh and heavy earth” aa contrary to “ physical 
principjes,” and he objected to the great distance of the 




[D{ V. 


ijS -fl SAer/ //ts/tiry of Astrm&my 


stars which the Coppemican sji'sicm required, became a vast 
empty space would be left between them and the plaiiets, 
a space which he regarded as wasteful.* Biblical didicuh 
tiest also had iome weight with hiniK He according! 
devised (15^5) a new system according to which the five 
planets revolved round the sun (c, in fig. white the sun 
revolved annually round the earth (aX and the whole celestial 
sphere perfornred also a dally revolution round the earth. 
'I’hc system was never woriced out in detail and, like many 
compromises, met with little support ^ Tycho nevertheless 
was cxtreniety proud of it, and one of the most violetit and 
molonged quarrets of his life (lasting a doMn years) was with 
/i^ftitrs Stir or l/rsus (?^ifioo), who had communicated 
to the Landgrave in 1586 and published two years later a 
system of the world very like Tycho's. Roymeis had been 
at Hyeen for a short time in 15S4, and Tycho had no hesita^ 
lion in accusing him of having stolen the idea from some 
manuscript seen there. Teymers naturally retaliated with 
a counter-charge of theft against Tycho. There is, how^ 
ever, no good reason why the idea should not have occurred 
independently to each astronomer \ and Reymers made in 
some respects a great impro%'cnicni on Tycho's scheme by 
accepting the daily rotation of the earth, and so doing 
away with the daily rotation of the ceicstial sphere, which 
was certainly one of the weakest parts of the Pioiemaic 
scheme, 

106. ^e same year (15S8) which saw the pubtication of 
“wk on the comet was also marked by the death 
patron* Frederick II. 'I'hc new King ChrisEian was 
a boy of 11,^ and for some yea rs the ecu ntry' was managed 
by four leading statesmen. The new government scums to 
have been at hi^t quite friendly [0 ^'ycho; a large sum was 
jwid to him for expenses incurred at Hveen* and additional 
endowments were promised, but as Lime went on Tycho’s 
usual quarrels with his tenants and others began to produce 


' i>t intcmtiiif to fcoqiv wtiit uk he to the 

(pmujonbly) BlL?| yjwtcr ap*,« A^imT the n*ri, 
t T>xhi5 trinke* in this coniiMtivn tbe dclEj^btrul ixmuk that 
Mofcs mujt \xca t vkillcd istrotiDmer, benutc he refera to 
the cnoon « -^the lesur JighC notwiihiUridiTi^ the fid thnl the 
xpjmnuit dtaincEera of sun and tnoon Jtfe very nearly equal I 
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Iheir e/Tecf. In 1594 ortc of his chief suppoi-tcrs 

at court, the Chancellor Kais, and hia succe^taor, as well as 
two or three other important olllctals at court, were not 
very friendly, although the stories commonly told of violent 
personal animosities appear to have little foundation. As 
eorly as 1551 Tycho had hinted to a correspondent that 
he might not remain permanently in iJcnntark, and in 1554 
he began a correspondence with representatives of the 
Emperor Kudciph II., who was a patron of science. But 
his scientific activity during these years was as great as 
ever; and in 1596 he completed the pnneing of an 
citremely interesting volume of scientific correspondence 
between the Landgrave, Rothmann, and himself. The 
accession of the young King to power in T5pt) was at once 
followed by the with^awal of one nf Tycho’s estates, and 
in the following year the annual payment which hM been 
made since 1576 was stopped. It is difiicult to blame the 
King for these economics; he was evidently not as much 
interested in astronomy as his father, and consequently re* 
gard<^ the heavy expenditure at Hveen as an extravagance, 
and it is also probable that he Wits seriously annoyed at 
Tycho’s malireatmcnt of his tenants, and at other pieces of 
unru Ey conduct on his part Tycho, however, regarded the 
forfeiture of his annual pension os the last straw, and left 
Hveen early in 159J, taking his more portable property 
with tiinu After a few months spent in Copenhagen, he 
took the decisive step of leaving Hen mark for ('rermany, 
in return for which action the King deprived him of his 
canoniy. Tycho thereupon wrote a remonstrance in 
which he pointed out the impossibility of carrying on his 
work without proper endowments, and olfcred to retuin 
if his services were properly apprcciatccL The King, 
however, was by this time seriously annoyed, and his reply 
was an enumeration of the various causes of complaint 
against Tycho which had arisen of laic years. Although 
'fyeho made some more attentpts through various friends 
to regain royal favour, the breach remained final 

lO'j. 'J'ycho spent the winter 1597-I& with a friend near 
Hamburg, and, while there, issued, under the title of 
AstfQfwmiat InstaunUae a description of his 

instruments, together with a short autobiography and an 
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interesting account of his chief discoveries. Aboat the 
santc time he circulated manuscript copies of a cataloguer 
of 1,000 fixed sbirs, of which only 777 had been properly 
obsemed* the rest having been added hurriedly to make 
up the traditional number The catalogue and the 
Me€hamia ncrc both intended largely 35 evidence of his 
astronomical eminence, and were sent to various inHuential 
persons. Negotiations went on both with the Emperor 
and with the Ihince of Orange, and aficr another year spent 
m various |:wt5 of Gennanyj Tycho definitely accepted an 
invitation: of the Emperor and arrived at Prague in June 
^ 599 - 

loS. It was soon agreed that he shouM inhabit the 
casLte of flctiatek, some twenty miles from Prague, where he 
accordingly settled with his family and smaller instruments 
towards the end of 1599. He at once started observing, 
sent one of his sons to Hveen for hia larger instruments, 
and begun looking about for assistants. He secured one of 
the most able of his old assistants, and by gorid fortune 
was also able to attract a far greater rnan, /iJii4w Ae/Zf/', to 
whose skilful use of the materials collected by Tycho the 
latter owes nq inconsiderable part of his great reputation* 
Kepler, whose life and w'ork will be dealt with at 
length in chapter vii., had recently published his fii^t 
impo^nt work, the Myst^rium Cosme^nphimni (§ x^d), 
which had attracted the attention of Tycho among others^ 
and was beginning to find his position at Grata in Stjrrin 
uncomfortable on account of impending religious disputes^ 
After some hesitafion tie joined Tycho at Benatelc curly 
in 1600. He was soon set to work at the study of Mars 
for the planetary tables which Tycho was then preparing, 
and thus acquired special familiarity with the observations 
of this planet which Tycho had accumulated. The rc- 
r astronomers were not altogether happy, 

K^ler E>eing then os always anxious about money matters^ 
disturbed state of the country rendering it 
difiicuTt for Ty^cho to get payment from the Emperor, 
i^nscqucntly Kepler very soon left Benatck and returned 
to Prague, where he definitely settled after 3 short vnsit 
to Grati; Tycho also moved there towards the end of 
xooo, and they then worked together harmoniously for 
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the short remainder of Tycho's Hfe, Thotieh he was 
by no means an oEd mail, ihcre were some indications 
that hi3 health was fnilins^ and towards the end of 1601 
he was suddenly seiseti with an illness which terminated 
fatally after a few days [NoveiTiber a4th). It is charac- 
[cnstic of hts devotion to the great wort of his life iliat 
in the delirium which preceded hh death he cried out 
again and again Itis hope that his life might not prove to 
have been fruitless {Ne frvsfra tnxhse uidtur). 

^ow'ing to diEKcultiea between Kepler and 
one of Tychos family, partly owing to growing political 
disturbances, ^cely any use was made of Tycho's instru¬ 
ments after his death, and raost of them perished during 
t tic Civil Wars in Bohemia. Kepler obluined possession 
of has observations; but they have never liecn published 
c?£Ccpt in an imperfect fornix 

110. Anything like a satisfactory account of T'yeho'^a 
services to astronomy wotild necessarily deal largelv with 
technical details of methods of observing^ which would 
be out of place here. It may, however, be worth while 
to attempt to give some general account of his charac¬ 
teristics as an observer l^oToire leferring to special dis¬ 
coveries. 

Tycho realised more fully than any of his predecessors 
the importance of obLaining observations which should not 
only be as accurate as possible, but should be taken so 
often as to preserve an almost continuous record of (he 
positions and motions of the celestial bodies dealt with ; 
wliereas the prevailing custom {as illustrated for example 
by Coppemicus) was only to take observations now and 
then, either when on astronomieal event of special interest 
Such as an eclipse or a conjunction was occurring, or to 
supply ^me particular datum required for a point of theory. 
While Coppemscus, as has been already noticed (chapter iv,, 

§ 73)1 ouly used altogether a few doaierii observations in 
his txiok, Tycho — to take one instance—^observed the sun 
datfy for many years, and must therefore have taken some 
thousands of ob^rvations of this one body, in addition to the 
many thousands which he took of other celestial ImHieg, 

It is true that the Arabs had some idea of observing con¬ 
tinuously (cf. chapter 111., § 57), but they had too little 
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speculative power or ariginality to be able to make much use 
of their observations, few of which passed into the hands of 
European astronomers. Rcgiomontinus (chapter iii,^ § 63 ), 
if he harl lived, mi^ht probably have to a consider¬ 
able extent anticipated TychOf Gut his short life was 
too fully occupied with the study and interpretation of 
Greek astronomy for him to acconrplish very much in 
other department; of the subject. The landgrave and his 
staffj w^ho were in constant communication with Tycho, 
\rero working in the same direction, though on the whole 
less efrecii%^eiy* Unlike the Arabs* Tycho was, however* 
fully impressed with the idea that observations were only 
a means to on end, and that mere observations wichout 
a hypoiiicsis or iheoiy to connect and intcqwet them were 
of little uiic. 

The actual accuracy obtained by Tycho in hia oLserva- 
lions naLurally varied considerably according to the rvature 
of the obsenation, the care taken, and the period of his 
career at which it was made. The placs which he assigned 
to nine stars which were fundamental in his star catalogue 
differ from their positions as deduced from the best modern 
observations by angles which are in most cases less than i\ 
and in only one case as great as 7 (this error being chiefly 
due to refraction (chapter iK* | 46)* Tycho's knowledge of 
which w^as necessarily imperfuct)^ Other star places were 
presumably less acctiiaic, but it will not be far from the truth 
if wc assunre that in most cases the errors in Tycho'a obser¬ 
vations did not exceed i' or 2\ Kepler inn famoua passage 
speaks of an error of S' in a planetary observation by 
Tycho as impossible^ 'I’his great increase in accuracy can 
only be assigned in part to the size and careful construct bn 
of the instruments used* the characteristics on which the 
Arabs and other observers bad laid such stress. Tycho 
certainly used good instruments, but added very much to 
their efl^ciency* partly by minor mechanical device^ such as 
the use of specially constructed ** sights" and of a particular 
method of graduation,* and partly by using in-strumettif; 
capable only of resirictexi motions, and therefore of much 
greater steadiness than instruments which w'cne able to point 
to iiny part qf the sky. Another extncmely important idea 
• By IrunEWTsils. 


»illl 


Eiiiinate af Tyfhds lyitrJt 1^13 

was thAt of sy^ematically allowing far as pos^tiblc for 
the ine'ii'iUible mechantcal impefrecUons of oven tho Ijcsi 
consiructed instrutncnts, as well as for other permanent 
Causes of error. It had been long knowni for example,, 
That the refraction of light through the atmosphere had 
the elTeet of slightly raising the apparent places of stars 
in^ [ho shy. Tycho took a scries of obscrvatlornt to ascer¬ 
tain the amount of this dinplacement for difTcrent [jaru of 
the sky, hence constructed a table of refract Iona (a very 
imperfect one, it is true), and in future abservations rt.'gularly 
allowed for the effect of refraction. Again:, it was known 
that ohser^^atioris of the sun and planets were Uabic to Ijc 
disturbed by the effect of parallax (chapter ii-, 4j, 49)^ 
though the amount oF this correction was uncertain. Jn 
cases where special accuracy was requirt'd, 1 jeho accord- 
iitgly observed the body in qtietttion nt least twice, choosing 
positions in which parallax was known to produce nearly 
oppf^ite cdects, and thus by combining the obscrvationii 
oljtaincd a result nearly free from this particulaj source of 
error. He w'as also one of the first to ntalise fully the 
in^portanct of repeating the same observation many times 
under different conditions^ in order that the various acci^ 
dental sources of error in the separate observations should 
as far as possible neutralLse one another^ 

III. Almost every astronomical quantity of Importance 
was re-detcrmificd and generally corrected by him. The 
annual motion of the sun's apogee relative to t, for example, 
which Coppemicus had estimated at $4"^ 'lycho i^xed at 
45'', the modern value being 61'^; ibe length of the year 
he determined with an error of less than a second ; and be 
constructed tables of the motion of the sun which gave ita 
place to within 1’, previous tables being occaaioiuilly tj' or 
zo' wrong. By an unfuTiunate omission he nude no Inqu iry' 
into the distance of the sun, but accepted the e-vtremely 
inaccurate value which had been handed down, without 
substantial alteration, from astronomer to astronomer since 
the time of Hipparchus (chapter ir., $ 41). 

In the theory of the moon Tycho madesevcml important 
discoveries. He found that the irregularities in its move¬ 
ment were not fully represented by the equation of the 
centre and the cvection (chapter 11-, §§ 39, 4S), hut that 
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there tvas a further irregulanty which vanished at oppcsition 
and conjunction $s well as at quadratuieSi Uut in iuter^ 
mediate positions of the moon ml^ht be as great as 40". 
This irregulaniyt known as the v&mtiim, was, as has Ijccn 
already mentioned (chapter in., | 60), vcty possibly dis¬ 
covert by Abul Wafa, though it had been entirely lost 
sub^ucntly^ At a later stage In his careet,^ at latest 
during his visit to IV'ittenberg in 1598-9, Tycho found that 
it was neoessary to introduce a further a mail mec^ualtty 
known as the annual eqaatieit, which depended on ilic 
position of thu earth in its path round the suu ; this, how¬ 
ever, he never completely investigated. He also ascertained 
that the inclination of the itioon’^a orbit to thu ecliptic was 
not, as had been thought, fixed, but oscillated regularly* 
and that the motion of the moon's nodes (ehnpter 11., § 40) 
was also variable, 

112. Keference has already been made to the star 
catalogue* Its construction led to a study of precession, 
the amount of which was determined with consldurablc 
accuracy j the saint investigation led Tycho to reject the 
supposed irregularity in precession which, nnder the name 
of trepidation (chapter iii.* § 58), had confused astronomy 
for several centuries, but from this lime forward rapidly lost 
its popularity. 

ilte planets were always a favourite subject of study 
Tycho, but although he made a magnificent series of 
observations^ of immense value to bis successors, he died 
before he could construct any satisfactory theory of the 
planetary motions. He easily discovered, however, that their 
tnotions deviated considerably from those assigned by any 
of the planetary tables, and got as far as detecting some 
regularity in these deviations. 
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* dinunce tbe md lo true pbi3H$»phv^ 

Jz *?* succeeded Tycho belon£od 

asirononiers, Galilei and Ke^er 
^houfih they ^Crc nearly contemporaries, Galilei having 
bom wven years earhcr tlism Kepler, and sijivivii5 
him by twelve years, thei> methods of wort and their 
coutnbupons to astronomy were so different in character 
and their influence on one another so alight, that it ia 
convenient to make some departure from strict chrono- 
order, and to devote this chapter eaclmivelv to 
Gnhiei, leaving Kepler to the rent. 

tn =“ l™' 

m [he Grand Duchy of luscany, on the day of Michel 
Angelos death and in the year of ShatespLe's birth 
His father, Vmceiuo, was an impoverished member of a 
good Horentme faimly, and was distinguished by his skill 
m music and mathcniatics, Galileo's talents shewed them- 
selvts Ci^ly, and although it was origmally intended that 
he should earn his living by trade. Vlnceruo was wise 
enough to see that hm son^a ability and (astcs rendered him 
much more fit for a professional career, and accordimriv 
*5®* to study medicine at the University 
of Ptsa. Hwc hia unusual gifts soon made him cori- 
spicuous, and he became noted in paftkidar for his 
unwillingness to accept without question the doiimaiic 
statements of his teachen, which were based not on direct 
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evidence^ but on ihe authority of the great i^’riters of the 
past This vtiluabJe characlcfistic, which mprlccd hirn. 
ihroughout his life, coupled with his skiti in argument, 
earned for him the dish he of soniie of his professors, and 
from his fc1 low-students the nickname of The Wrangler, 

[14. In 1582 his keen observation led lo his first scien¬ 
tific discovery. Happening one day in the Cathedral of 
Pisa to be looking at the swinging of a lamp which was 
hanging from the roof, he noticed that as the motion 
gradually died away and the CKtent of each oscillation 
became less, the time occupied by each ascillation remained 
sensibly the same, a result which he verified more precisely 
by coinparison with the beating of his pulse. Further 
thought and trial shewed him ttiat this proiierty was not 
peculiar to caihcdraE lamps, but that any weight hung i>y 
a string (or any other form of pendulum) swung to and fro 
in a time which depended only on the length of the string 
and other characteristics of the pendulum itseEf, and not 
to any appreciable eatent on the way in which it WhXs set 
in motion or on the extent of each oscillation. He devised 
accordingly an instrument the oscillations of which could 
be used while they lasted as a measore of time, and which 
was in practice found very usejiii by doctors for measuring 
the rate of a patient’s pulse. 

j 15, Before very- long it became evident that Galilei had 
no special taste for medicine, a study selected for him 
chiefly as leading to a reasonably lucrative professional 
rarcer, and that his real bent was for mathematics and its 
applications to experimental science. He had received 
little or no fartital teaching in mathematics before hU second 
year at the University, in the course of which he happened 
to overhear a lesson on Euclid's geometry,, given at the 
Grand Duke's co’Urt, and was so fascinated that he cou' 
tinned to attend the course, at flrst surreptitiously, afterwards 
openly; his interest in the subject was thereby so much 
stimulated, and his aptitude for it was so marked, that he 
obtained his father's consent to abandon medicine in favour 
of mathematics. 

however, poverty compelled him to cjuit the 
University wiihotit completing the regular course and 
obtaining a degree, and the next four years were spent 
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chiefly at honie, where he continued to read and to think 
on scientific subjects. In the year 15^6 he wrote his first 
known scientific ^y/ which was circuFated m manusctipi 
ana onty printed dunng the present century* 

I r(S. In 1539 he was appointed for three yean to a 
professorsh tp of mathematics fincludinfi aatronomy) at Pisa 
A miserable BLi|«nd, etjuivaJeni to atxnjt fipe Bhiflmos a 

f ihis he was to sime 

extent able to Mipplcmcnt hy takinjj private pupils. 

In his new position Galilei had scope for his renuirtable 
^wer of exposition, hut far from bein^ content with gi vinj; 
tctiires On traditional lines he also camied out a series of 
scientific invMtigatiom, important both in themselves and 
einpto^d ^ Tiovtlty in the method of investigatEon 

It will Ijc convenient to discuss more fully at the end 
of this chapter Galilei's contributions to mcchanra and to 
ECEcntmc method, and merely to refer here briefiy lo his 
first esfKnnients on falling Ijodies, which were made at this 
time, borne ^re performed by dropping various liodies 
from the top of the leaning tower of Pisa, and others by 
rolling Mis down grooves arranged at diflcrent indinaiion/ 

It 14 difbcult to US nowadays, when scientific experiments 
are so common, to realise the novelty and importance at 
the end of the century of such simple experiments. 

I he mediaeval tradition of carry ingout scientific investiga¬ 
tion largely by the mierprctation of texts in Aristotle, Gaien 
or other great writers of the ^mt, and by the deduction 
ot r«ults fironi gcncml pnneiptes which were to be found 

appeal to observation, 
still prevailed almost undisturbed ni I'isa, as elsewhere. 

It ws^ in particular commonly asserted, on the authority 
or Aristotle, tl^r, the cause of the fall of a heavy body 
l^mg Its weight, a heavier body must fat] faster than a 
fighter one and in proi>ortioii to its greater weighL It may 
jx-dia^ be doubled whether any one before Galilei'4 time 
had clur enough ideas on the subject to be able to gi ve 
it definite answer lo sudi a question as how much farther 
a ten pound weight woutd fiill in a second than a one pound 

Aalm instnime-fit which he had lavchicd, nllcd thr 
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weight f but if so he would probably hn^'e said that it ^voutd 
fall len times as far, or else that it would require ten limes 
as toEig to fall the same distance. To actual ty try the 
experiment, to vary its comliltonst $0 ns to remove as many 
accidental causes of error as possible, to increase in some 
way the time of the fall so as to enable it to be measured 
with more accuracy^ these ideas, put into practice by Galilei, 
were entirely fortngni to the prevailing habits of scientilic 
thought, and were indeed r'^arded by most of his col¬ 
leagues as tindesimble if not dangerous innc^'aiions- A 
few :fimp]e experiments were enough to prove the complete 
falsity of the current beliefs in this matter, and to establish 
that in general bodies of diifercnt weights fell nearly the 
same distanoc in the same time, the dilfercnce being not 
more than could reasonably be ascribed to the resistance 
offered by the air. 

These and other results were embodied in a tract, which, 
Like most of Galilei’s earlier writings, was only circulated 
in manuscript, the substattce of it l^ing first printed in the 
great treatise on mechanics which he publtshed towards 
the end of his life ($ 135). 

These innovations, coupled with the slight respect that 
he was in the habit of paying to those who differed from 
him, evideuily made Galilei far from popular with his 
colleagues at Pisn, and either on thLs account, or on account 
of domestic troubles consequent on the dea^ of bis father 
(1591), he resigned his professorship shortly before the 
expiration of his term of office, and returned to his mother's 
home at Florence. 

riy. After a few months spent at Florence he was 
appointed, by the inHuence of a Venetian friend, to a 
professorship of mathematics at J'adui, which was then in 
the teiritoiy of the Venetian republic (159j). The ap¬ 
pointment was lii the first instance for a period of six years, 
and the salary much larger than at Pisa. During the first 
few years of Galilei^s career at Padua bis activity seems 
to have Ixjvn very great and very varied; in addition to 
giving his regular lecture-t, to audiences which rapidly in¬ 
creased, he wrote tracts, for the most part not printed at 
the time, on astronomy, on mechanics, and on fortification, 
and invented a variety of scientific instruments. 
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No record eijists of the tJcict time ac which he fir^t 
adopted the as^onomlcaJ vie^s of Coppcmicua, but he 
himsejr stated that in r597 he had adopted them some 
years befo^ nnd had collected arguments in their support. 

In the following year his professorship was renewed for 
sijt years with an increased stipend, a renewal whicEi was 
^bsequcntly made for sis: years morev and finally for life, 
the sti^nd being intreased on uacli occasion. 

CaJjIct's first Contribution to astronomical discovery was 
made m 1^4* whcii a star appeared suddenly In the con¬ 
stellation fkrpentariua, ,ind was shewn by him to be at 
distant than the planets, a result confirming 
I ychos conclusions (chapter v., § 100) iliat changes take 
place m the cdcslial rcgloiw even beyond the planets, and 
are by no means confined—os was commoaty believed — 
to the earth and its immediate surroundings. 

ii8. By this time Galilei had become famous through¬ 
out l™yii not Only as a britlfant lecturer, but also as a 
<^rigjnal man of science. The dijKoveriea 
which first gave him a European reputation wcrcj however, 
the senes of telescopic observations made in 1600 and the 
following years. 

Kmer Ua^n (chapter ii|., § 67) had claimed to have de¬ 
vised a 'mmbmation of lemes enabling distant objects to be 
seen as if tliey were near ; a similar invention was probably 
made by our countryman Ltonerd Dig^s (who died about 
157G. and waa described also by the Italian Partii in 1558. 

If such an inst^ment was actually made by any one of die 
three, which is not certain, the discovery at any rate 
aunteted no attention and was again lost The effective 
discovery of the telescope was made in Holland in r6oS 
iiixns tippcriheim (?-i6i9), a spectacle-maker of Middlc- 
burg, and almost simultaneously by two other Dutchmen 
hut whether independently or not it is impo«siblc to say.' 
ivarly in the following year the report of the invention 
reached GaJilei, who^ though without any detailed informa¬ 
tion as to the structure of the instrument, suExeeded oftcf 
a few trials in anunglnjg two lenscs-^ne convex and one 
concave—in a tube in such a way as to enlarge the 
apf^nt sLee of an object looked at; his first instrument 
made objects appear three times nearer, consequently 
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three times greater (in breadth and hefght)j and he was 
soon able to nuke telescopes which in the same way 
magnified thirty-fold. 

That the new Jnstnimcnt might be applied to celestial 
as well as to terrestrial objccls was a fairly obvious Idea, 
which was acted on almost at once by the English mathe* 
matician T^otmjS //arriot (i56o-T&2r)i by Sttaan Jtfarius 
(1570-1634) in Gennanyj and by GaUlcL That the credit 
of first using the telescope for astronomical purposes is 
almost invariably attributed to Galilei, though his first 
observations were in nil probability slightly later in dale 
than those of Harriot and Marius, is to a great extent 
justified by the persistent way in which he examined object 
after object, whenexer there seemed any rcasonabEc prospect 
of results following, by the energy and acuteness with which 
he followed up each due, by the independence of mind 
with which he interpreted his observations^ and above all 
by the insight with which he realised their astronomical 
importance, 

rig. His fimt scries of telescopic discoveries were puh- 
ILshcd early in 1610 in a little book called Sidtreus A'uttAuSy 
or TA^ Sidtrml Mtistfigit. His first observations at 
once tlitcw a flood of light on the nature of our nearest 
celestial neighbour, the moon. It was commonly believed 
that die moon, like the other ceteslial bodies, was perfectly 
smooth and spherical, and the cause of the familiar dark 
niorkings on the surface was quite unknown .* 

Galilei discovered at once a number of smaller markings, 
both bright and dark (fig, 55), and recognised many of 
the latter as shadows of lunar mountains cast by the 
sun j and further identified bright spots seen near the 
boundary of the llluntinated and tkrk portions of the moon 
as mountam^tops just catching the light of the rising or 
setting sun, while the surrounding lunar area was still in 
darkness. Moreover, with charactcrutic ingenuity and Io^t 
of precision, he calculated from observations of this nature 
the height of some of the more conspicuous lunar moun- 

' A foir iUcIi i>f nicH5Lnciil dtws ofn tht uibjcclittay he dertvnl fnjm 
yne of the moat ledilticti Ontos in Dxnte'a great poem If.), 

io which the poet ud tJcmrice expound two different " cxplxBaliona 
of the spcKta on the mnon. 



I-4«4 -One of GiItFoi'a of iho moon. 

Sidfnus A'htfrwf. 
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Ui[n^, the laige^i: being estimated b> him to be aba^It four 
miles hi'ghf a result agreeing closely with modem estimates 
of the greatest height on the moon. The large dark spots 
he eiplained (erroneously) as possibly caused by water 
though he evidently had k-ss confidence in the correctness 
of the explanation than some of hi5 immedpate scientific 
successors^ by whom the name of ««ai was gi'i'eii to 
these spots {chapter viii., § 153). He noticed also the 
absence of clouds* Apart however from details, the really 
significant results of his observ'ations were that the moon 
was in nuny important respects similar to the earth, that 
the traditional belief in its perfectly spherical form had 
to he abandoned, and that so far the received doefrine of 
the sharp distinction to be drawn between things celestial 
and things terrestrial was shewn to be without justificaiion ; 
the importance of this in connection with the Coppernian 
view that the earth, instead of being unique, was one of 
six planets revolving round the sun, needs no commcnL 
One of Galileos numerous scientific opponents * attempted 
to explain away the apparent contradiction between the old 
theory and ihe new observations by the ingenious sugges¬ 
tion that the apparent valleys in the moon were in n^ity 
filled with some itmisibk crystalline matenal, so that the 
moon w'os in fact perfectly spheHcaL To this Galilei 
replied that the idea was so excellent that he wished to 
extend its application, and accordingly maintained dut 
the moon had on it mountains of this same invisible sub¬ 
stance, at least ten times as high as any which he had 
observed. 

lao. The telescope revealed also the existence of an 
immen^ number of stars too faint to be seen by the 
unaided eye; Galilei saw, fot example, 36 stars in the 
Pleiades^ which to an, ordinary eye consist of six only. 
Portions of the Milky AVay and various nebulous patches 
of light were also difK:overed to consist of multitudes of 
faint star^ clustered together; in the cluster Prisepe (in 
the Ct^b), for example, he counted 40 stars. 

III. By fnr the most striking discovery announced in the 
StWef^rtI/ A/fssfttj^r was that of the bodies now known as 

* driU in s irart Confr* U Mvio TVitb, 

which is rc^rJnt<Hd tn the hitioti^E ctlitlijn of GiiLiki’a worka, Voi. lit. 
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the moons or s^tc]|] te& of Jupiter. On J^ntLiry 71I], 1610, 
Galilei turned his telescope on to Jupiter^ and noticed 
three faint stars which caught his attention on account of 
their closene&s to the planet and their arningcnient nearly 
in a straight line with it. He looked a|*ain next night, and 
noticed that they had changed their positions relatively 
to Jtipiicr^ hut that the change did not seeni to be such 
as could result from Jupiter's own motion, if the new bodies 
were fixed s^s. Two nights later he was able to confirm 
this concEusiorit and to infer that the new Iwdies were not 
fixed Stars, but moving bodies which accompanied. Jupiter 
in his movetiienta, A fourth body was noticed on 
jatiuar>' i^fh, and the motions of ail four w^ere soon recog¬ 
nised by Galilei as being motions of revolution round 
Jupiter as a centre. With characteristic thoroughness he 

oti. =(: * O * 

Fie. 54.^Jtipitcr its utcliitti ib seen on Jia. y, 1610. 

Kram tlfie Si//trtNS /VnnCHts. 

watched the motions of the new bodies night after night, 
and by the date of the publication of his hook had already 
estimated with very fair accuracy their periods of revolution 
round Jupiter, which ranged Irctw'cen about 42 hours and 
17 days; and he continued to watch Uieir motions for 
years. 

The new bodies were at first called by their discoverer 
Medic^n planets, in honour of his natron Cosmo de 
Medici, jhe Grand Ouk,e of 'luscany'; but it was evident 
that bodies revolving round a planet, as the planets them- 
selv« revolved round the sun, formed a new' class of bodies 
distinct from the known planetst and the name of eateUite, 
suggested by Kepler as applicable to the new bodies as 
welt as to the moon, has l>scn generally accepted. 

The discovery- of Juplter^s satellites shewed the falsity 
of the old doctrine that the earth was the only ceoire of 
motion; it tended, moreover, seriously to discredit the 
infallibility of Aristotle and Ptolemy, who had clearly no 
knowledge of the existence of such bodies; and again 
those who had difficulty in believing that Venus and 
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Mercury could revoKe round ati apparently moving body, 
the sun, could not but have their doubts shaken when 
shewn the new satellites evidently performing a motion 
of just this character; and—most important consequence 
of all—the verj^ real mechanical diflieulty involved in the 
Coppemican conception of the moon revolving round the 
moving earth and not dropping l^ehind was at any rate 
sben'n not to be insuperable, as Jupiter’s satellites succeeded 
in performing a precisely similar feat, 

'I’he same reasons which rendered Galilei's telescopic 
discoveries of scientihe Importance made them also objec¬ 
tionable to the supporters of the old views, and they were 
accordingly attacked in a number of jjamphlcts, some of 
whidi are still extant and possess a certain amount of 
interest. One Jifurfirt I/orkj^, for examplt, a young German 
who bad studied under Kepler, published a pamphlet in 
which, (ifhr proving to his own satisfarttion tnat the satel¬ 
lites of Jupiter did not eidst, he discussed at some length 
what they were, what they w^ere like, and w'hy they existed. 
Another writer gravely argued that because the human 
body had seven openings in it--the eyes, eats, nostrils, and 
moulb—therefore by analogy there must be seven panels 
(the sun and moon being included) and no niore^ How¬ 
ever, condrmatlon by other olKervers w'as soon obtained 
and the pendulum even began to swing in the opposite 
direction, a number of new satellites of Jupiter being 
announced by various observers. None of these, however, 
turned out to be genuine, and Galilei's foitr renuined the 
only known satelittcs of Jupiter till a few years ago 
(chapter xiri., § j^s). 

laa. I’he reputation acquired by Galilei by the publica¬ 
tion of the enabled him to bnng tO' a saiisfactoty 

issue negotiations which he had for some time been carrying 
on with the Tuscan court. Though he had been well 
treated by the Venetians, he had begun to feei tlie Inirden 
of regular teaching somewhat irksome, and was anxious to 
devote more time to research and to writing, A republic 
could hardly be cx^Kteted to provide hfm with such a 
sinecure as he wanted, and he accordingly accepted in the 
summer of i^ioan appointment ns professor at Pisa, and 
also as " First Ph ilosopher and Mathematician to the Grand 
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Duke of Tuscany, with a h:ind&Qnic salary and no definiEG 
duties atEached to either odiqe. 

123. Shortly before leaving Padua lie turned hia telescope 
on to and observed that the planet appeared to 

consist of three parts, as she'wn in the first drawing of 
fig- fij (chapter viit., §154), On subsequent occasionSt 
however^ he faiEcd to see more than the central body^ and 
the appeartinces of Saturn continued to present perplexing 
variations, till the mystery was solved by Huygens in 1655 
(chapter vill-j § 154)^ 

The first discovery made at Florence (October 1610) was 
that Venus, which to the naked eye appears to vary very 
much in brilliancy but not in shape, was in reality at times 
cresoent-^liaped like the new moon and passed through 
phases siniil^ to some of those of the moan. This shewed 
that Venus was, like the moon, a dark body in itself, deriv¬ 
ing its light froin the sun j so that its similarity to the earth 
was thereby made more evident. 

114. The discovery of dark sjwls on the sun completed 
this series of telescopic discoveries. According to his own 
statement Galilei first saw them towards the end of 1610,* 
but apparently paid no particular attention to them at the 
Ume; and, al^ough he shewed them as a miller of 
curiosity lo various friends;, he made no formal announce¬ 
ment of the discovery' tilt May i6iz, by which time the 
same discovery had been made independently by Harriot 
(§iiS) in England, by foAn (1587-? 1615) in 

Holland, and by the Jesuit CAristn/Arr S£Aeine‘r 
In Germany, and had been published by Fabricius Hune 
As a nialter of fact dark spots had been seen wiih. 
the naked eye long before, hut had been generally supposed 
to be caused by the passage of Mercury m front of the sun. 

1 he prescnc-c ori the ^un of such blcmiKhcs as bfcick spol-s 
the “mutability"* involved in their changes in form anti 
position, and ihcir formation and subsequent disappearance 
were all distasieful to the supporters of the old views- 

" In B letter of May^lEi 1612, he ihm he hia aecn them Inr 
cigntcen mohtna; in ihe Dmiogitt pw |A# Ttm Syttrifu (11! p, 312 
Ih S«iua.bury'B tran^Litkinl he amya ihflil he uw them while he aUlf 
IcetiirciJ At Pului, Kf. prevjmably by September i6iol aa be moved 
to MDrence ift ihet mocith. 
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accordmg to which cclcstia!l bodies wfirt petfect and un* 
changeable. The fact, noticed by ail the cwt]y observer^ 
that Sic spots appeared to move across the face of the sun 
from the eastern lo the western side (j>. rougliily from left 
to right, as seen at midday by an observer m our latitudes), 
gave at first sight coutitcnarjce to the view,, championed by 
Scheincr among others, that the spots might really be smalt 
plntieta revolving round the sun, and appearing as dark 
objects whenever they jjassed between the sun and the 
observer. In three letters to his friend Wel$er,‘a merchant 
prince of Augsburg, written an i6ia and published in the 
following year,* Galilei, while giving a full account of his 
observations, i^r'e a crushing refutation of this view; proved 
that the spots must be on or close to tlte surface of the 
sunt and that the motions observed were exactly such as 
would result if the spots were attached to the sun, and it 
revolved on an axis in a period of about a month; and 
further, while discbitming any wish to speak confidently, 
called attention to scvei^ of their points of resemblance 
to cloud** 

One of his arguments against Scheiner's views is so 
simple and at the same time so convincing, that at mny 
l>e worth while to reproduce it as an ilJustnitLon of Galtlei^s 
method, though the controversy itself is quite dead, 

Galilei noticed, namely, that while a spot took about 
fourteen days to cross from one side of the sun to the 
other, and this time was the same whether the spot passed 
throng the centre of the sun’s disc, or along a shorter 
path at some distance from it, its rate of motion was by 
no means uniform, liut that the spot^s motion always 
appeared much slower when near the edge of the sun 
th.in when near the centre. This he recognised as an 
effect of foreshortening, which would result if, and only if, 
the spot were near the sun. 

If, for example, in the figure, the circle represent a 
section of the sun by a plane through the observer at o, 
and A, B, c, D, E be points taken at equal distances along 
the surface of the sun, so as to represent the i^iiions 
of an object on the sun at etjual intervals of lime, on 
the assumption that the sun revolves uniformly, tlien the 
* ptiiori'a r futomo ttlU JSoiart . 
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^p^jnrent motion from A lo ti, os seen by ihc observer 
OL is m€?asiired by the a o n„ and is obviously 

much ]k 3 than that frenn o to Ej measured by the .mglc 
D 0 li, and consequetidy an object attached to the sun 
must appear to move more slowly from a to a, I'ct near 
the sun’s edge, than from b to t:, near the centre. On the 
other hand, if the 5 f>ot be a body revolving round the sun 
at some distance from it, e.jf. along tlic dotted circle ^ if 
then if r, j/, e be taken at eq;uat distances from one another^ 
the apparent motion from c to i 4 measured again by the 
angle *-0^4 « only very slightly less than that from d to c, 
mt-^ured by the angle doe. Moreover, it required only 
a simple calculation, performed by Galilei in sevemi cases. 



Fifl, jtr—Gililci's [vroaf Hint JUu-aipoIa ire nd plutciA- 


to express these results in a numerical sbape^ and so to 
infer from the actual observations that the spots could not 
be more than a very moderate distance from the s^Jn^ T'bt 
only escape from this conclusion was by the assumption 
that the spou^ if they were bodies revolving round the sun, 
moved irregularly, in such a way as always to be moving 
fastest when they happened to be between the centre of 
the sun and the enith, whatever the earth*s position might 
be at the time, a procedure for which, on the one hand* 
no sort of reason could be given, and which, on the other, 
was entirely out of harmony with, the uniformity to which 
medieval astronomy clung so firmly, 

' 1 ‘he rotation of the sun about an axis, thus established, 
might evidently have been used as an argument in support 
of the view that the earth also had such a motiort, but, 
as ^r as I am aware, neither Galilei nor any contemporary 
nolioed the analogy. Among other facts relating to the 
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spots observed by Galilei were the greater darltriess of the 
ccnir^i pirtSj some of his drttwings (see fig- 55) shewing, 
like most modem drawings, a fairty well-marked line of 
division between the central part (or imilsra) and the tess 
dark fringe (or pennmhm) surrounding it; he noticed also 
that spots frequently appeared in groups^ that the members 
of a group changed their posiUons relatively to one another, 
that individual spots changed their size and shape con^ 
sidcrably during their lifetime, and that s^ts were usually 
most plentiful in two regions on each side of the sun’s 
equator, comesponding roughly to the tropics on our own 
globe, and were never seen far beyond these limits, 

Simiiar observations were made by other tclcscopists, 
and to Scheiner belongs the credit of fixing, with consider¬ 
ably more accumey than Galilei, the position of the sun’s 
axis and equator and the time of its rotation^ 

155. The controversy with Scheiner as to the nature 
of spots unfortunately developed into a personal quarrd 
a$ to their respective claims to the discovery of spots, 
a controversy which made Scheiner his bitter cnemyt and 
jirobably contributed not a little to the hostility with which 
C'ralilei was henceforward regarded by the Jesuits. Galileps 
uncoicprotnising championship of the new scientific ideas, 
the slight respect which he shewed for established and 
traditional authority, and the biting sarcasms with which 
he WEIS in the habit of greeting his opponents, had won 
for him a large number of enemies in scientiiic and 
philosophic circles, particularly among the large party 
who spoke in the nanm of Aristotle, although, as Galilei 
was never tired of reminding them, their methods of 
thought and their conclusions would in all probabdity 
have been rejected by the great Greek philosopher if he 
had been aJive. 

Jt wBis probably in part owing to his consciowness of a 
growing hostility to his views, both in scientific artd in 
ecclesiastical circles, that Galilei paid a short visit to Kome 
in j6ii, when he met with a most honourable reception 
and was trcatcd with great friendliness by several cardinals 
and other persons in high places. 

Unfortunately he soon began to be drawn into a contro¬ 
versy as to the relative validity in scientific matters of 
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obserraiicri and reasoning on the one ha^d^ antj of ihe 
authority of ihc Church and ihe Bible on the others a 
conircni'crsy *hSi;rh Ijt-gaTi to take shape about ihts time and 
whichj though its battle> 5 eld has shifted from science to 
scicnqe, has lasted almost without intemiption till modem 
times. 

In i6ji whs published a tract maintaining Jupiter^s 
Satellites to be unscriptural. In 1613 Galilei consulted 
Cardinal Conti as to the astronomical teaching of the Bible, 
and obtained from him the opinion that the Btbie ap|XM.Ted 
to discountena^ticc both the Aristotelian doctrine of the 
inimutability of the heavens and the Coppemican doctrine 
of the motion of the earth. A tract of Galilei's on floating 
Ijodics, published in 1612^ roused fresh opposition,, but on 
the other hand Cardinal Barberini (who aftcrH'aids, as 
Urban VJII,^ look a leading pan in bis persecution) 
specially thanked him for a presentution copy of tbe book 
on sun-spot^ in which Galilei, for the first time, clearly 
frroclaitucd jn public his adherentje to the Coppemican 
sptern. In the same year (1613) his friend and follower, 
Kathcr CastelH, was appointed professor of mathematics 
at Pisa, with Gpccial instructions not to lecture on the 
motion of the earth. Within a few tnonths CAsteth was 
drawTi into a discussion on the relations of the Bible to 
Astronomy, at the house of the Grand I ^uchess, and (Quoted 
Galilei in support of his views; this caused Galilei to 
express his pinions at some Icn^ in a letter to Caslelli^ 

M hich circulated in manuscript at the court. To this 
a Dominican preacher, Cnedni, replied a few months 
aftcrw'ards by a violent sermon on the text* " Ye Galileans, 
why stand ye gating up into heaven and in 1615 
Galilei was secretly denounced to the Inquisition on the 
strength of the letter to Castelli and other evidence. In 
the same year he expanded the letter to Castelli into a 
more elaborate treatise, in the form gf a letter tht Gmnd 
Dut-hffs Christine^ which was circulated in manuscript, but 
not printed till rfi^fi. The discussion of the bearing of 
particular passages of the Bible the account of the 
miracle of Joshua) on the Ptolemaic and Coppernican 

^ ^ ™ ■'1 form : I Vn 
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systems has now lost most of its interest; it may> however* 
be worth noticing that on the more general question Galiiei 
quotes with approval the saying of Cardinal Baremius, 
*^That the intention of the Holy Ghost is to leach us not 
how the heavens go* hut how to go to heaven/*'and the 
following passage gives a good idea of the general ten.O'r 
of his aigutncnl 

'’MethinkSf that in chc DisCLissian of Notiiral TrohleinCs 
oiij>ht not to begin at |K$ authority of piaqes nf Scripture; but 
at Sensible Kaperimenta and iVecesaary DeinonsErations. For 
. L Nature betng inexorable atid immiitablc^ and nc^'er passing 
the bDunds uf the Laws assigned her, as one that nothing caretlC 
whether her abstruse reasons and methods of operating be or 
be not caposed to the capacity of men \ I conceive that that 
concerning Natural Klfects, which either scTisible cxpcficnce 
sets before our eyes, or Necessary Demonstrations do prove unto 
us, ought not» upon any acco-imt^ to be called into quGSdOElt 
much less condemned upon the testimony of Texts of Scriptiire* 
which may under their worda, couch senses seemingly contrary 
thereto.*' + 

126.. Meanwhile his enemies hnd become so active that 
Galilei thought it well to go to Rome at the ertd of 1615 
to defend hia cause. Early in the nent year a body of 
theologian^ known as the Qualihers of the Holy O^ce 
fInquisition)* who had been instructed to examine certain, 
Coppcrnican doctrines* reported:— 

“ That ihc doctrine that the gun was the centre of ihe world 
and immoveable was false and absurd, formally herelical and 
contrary to Scripture, whereas the doctrine that the earth was 
not the centre of the world but moved, and has rurthcr n daily 
motion, was philosophically false and absurd and tbeologicaJly 
nl least emHicouft.** 

In consequence of this report it was decided to censure 
Galilei, and the Pope accordingly instructed Cardinal 
Bellarminc '* to surntnem Galilei and admonish him to 

• Sphiiiti taurto tfumiffff yJwrt* new rfjow* fno mado ad CmIuih 
tatuf^ non autim, CAftatn gmJiatHr. 

f From the trat^ilalioa by Salisbury, in V'e>lr L of hta !dt$thtrnat{fai 
CoOtthoHS, 
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nbnndon the saEd opimorif” which the Cardinat did* 
Immcdiatefy afterwards a decree was issued contienining 
the opinjorts in question and placing on the wclhknown 
Index of Prohiifked Books three books confining Copper- 
nican views, of which the De RevobiHomitus of Coppcrnicus 
and another were only suspended " until they should 
l>c corrccicdf'^ while the third was altogether prohibited. 
I’hc necessarj' coitcctions to the Dt Rn^luHombus wore 
ofKoIally published in rdio, and consisted only of a few 
alterations which tendtrd to ntafce the essential principles 
of the book appear as mere mathcmatEcal hypoihcsei, 
convenient for calculation. Galilei seems to have been 
on the whole well satisfied with the issue of the inquiry, 
as far nis he was personally concerned, and after obtaining 
from Cardinal BelUrmine a certificate that he had neither 
abjured his opinions nor done penance for them, stayed 
on in Rome for some months to shew that he was in 
good repute there. 

ja?. During the next few years Galilch who was now 
more than fifty, suffered a good deal from ill-health and 
was ooinparati%>ely inacth'e. He carried on, however, a 
correspondence with the Spanish court on a method of 
ascer^ining the longitude at s«i by means of Jupiter^ 
^tollites. The e^cniial problem in finding the longitude 
is to obtain the time as given by the sun at the required 
place and also that at some place the longitude of which 
is known. If* for example* midday at Rome occurs an 
hour earlier than in London, the sun takes an hour to 
trav-el from the meridian of Rome to that of London, and 
the longitude of Rome is 15® east of that of London. 
At sea it is easy to ascertain the local time, by 
observing when the sun is highest in the sky, but the 
gr^t difiicuEty, felt in Galilei^s time and long afterwards 
(chapter X., §§ r^y, 316), was that of ascertaining the time at 
some standard pla». Clocks were then* and long after 
wards, not to be relied upon to keep time accurately during 

pie anly point of ifiy iraporUnec in COnneerjor, wi[h GAlilei'a 
relations with tbe InquiaitLOrt on w^hDch titerv tnms lo be room for 
any 4 jc^u» doubt I9 M lo the itrinp-ary of ibis wamine. It is 
p^bablc titat Gdilfl wi> the aamc lime upeciliciLity forbidden to 
tiold, tcich, nr defend m anyway, wbetber verbolly or in wriliw,^ 
the obnClwua. ooetnne. ^ 
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a long iMCan voyagej, and some astronomical means of 
determining the time was accordingly wanted. Galilei*^ 
idea rvas that if the movements of Jupiter's satellites, and 
m particutar the eclipses which constantly occurred when 
a satellite passed into Jupiter's shadow, could be predicted, 
then a table could he prepared giiing the times, according 
to some standard place, say Rome, at w Inch the eclipses 
would occur, and a sailor hy observing the local time 
of an «lipse and coni|Hring it with the time given in 
the table could ascertain by how much his longitude 
dinered from that of Rome- It is, how'ever, doubtful 
whether the movements of Jupiter’s satellites could at that 
time be predicted accurately enough to make the method 
practically useful, and in any case the negotiatior^s came 
to nothing. 

In i6iS three comets appeared, and Galilei was soon 
dmwn into a controversy on the subject with a Jesuit 
m the name of Cirassi, The controversy was marked by 
the personal bitterness which was customary, and sioon 
developed so as to include larger questions of philosophy 
anq astronomy, Galilei's final contribution to it was 
published in i6ij under the title /f (The 

Assayer), which dealt incidentally wuh the Coppemican 
theory, though only in the indirect way which the edict 
of j6j6 rendered ncceMory. In a characteristic nassace. 
for example, Galtlet says :— top 

"Since the motion aUnbLiEed to the earth, which I, as a pious 
and Catholic person, coniider most false, and not to exist, 
accammodates: iiseli so well to explain so many and sqeh 
different Fhcnemena. 1 ahall not feel sure . , , that, false as it 
IS, it may not just as dehidiugly correspond with the phenomena 
of comets ; 

and again, in speaking of thfi rival systems of Coppemicus 
and Tycho, he says 

"Then as to the Cepernlcan hypothesb, if by ilie good 
fortune of us Cattiolics; we had not been freed from error 
and our bUndneu illuminated by the Highest Wisdom, 1 do 
not believe that such grace and good factune could hara 
been ohiained by means of the reasons aad observations given 
by Tycho." 
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xAEthough in scientific importance the Sa^'ai&rt ranks 
far below many othera of Gatilci'^s wntings, it had a great 
reputation as a piece of brStliant controversial writing, and 
notwithstanding its thinly ii>eiled Coppcrnicanlsm, the 
l‘opc. Urban VIIL, to whom it was dedicated, was so much 
pleased with it that he had it tend nlood to him at meals. 
The booh must, however, have stren^hened the hands 
of Galilei's enemies, and it was probably with a view to 
counteracting their iniltience that he went to Rome neat 
yeajr, to pay his resets to Urban and congratulate him 
on his recent elevation. 'I'he visit was in almost every 
way a success j Urban gifted lo him several friendly 
interviews, promised a pension for his son, gave him several 
presents, and finally dismissed him with a letter of special 
recommendation to the new Grand Duhe of Tuscany, who 
had shewn some signs of being less friendly to Galilei 
than his father. On the other hand, however, the Pope 
refused to listen to Galilej'$ request that the decree of ifijfi 
should be withdrawn. 

isSh Galilei now set seriously to work on the great 
astronomical treatise, the Dhiogitt an the JW Chir/ 
Sys/t^s of tht Wqrldi the Ptaltmak and CofpernUan, 
which he had hod in tnind as long ago as ifiio, and in 
which he proposed to embody most of his astronomical 
work ansi to collect all the avaibbtc evidence bearing on 
the CopiJemican controversy. The form of a dialipgue was 
chosen, partly for literary reasons, and still more because 
it enabled him to present the Coppcrnican case as strongly 
as he wished through the mouths of some of the speakers, 
without necessarily identifying his own opinions with theirs. 
The manuscript was almost completed in taacj, and in the 
following year Galilei went to Rome to obtain the necessary 
licence for printing it The censor had some alterations 
made and then gave the desired permission for printing at 
Rome, on condition that the book was submitted to him 
again before being finally printed off. Soon after Gahlers 
return to Florence the plague broke out, and quarantine 
difficulties rendered it almost necessary that the book 
should be printed at Florence instead of at Rome. This 
requited a fresh licence, and the difficulty experienced in 
obtaining it shewed that the Roman censor was gutting 
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more ond more doubtful about the book. Ultimately 
however, the introduction and conclusion having beun sent 
to Rome for approval and probably to some extent re- 
wntten there, and the whole work having been approved 
by the Florentine cenMr, the book was printed and the 
ftrsl copses ^re ready early in 163?, bearing both the 
Roman and the Florentine itnprtmutNK 
Tjg. The fliald^e extends over four successive days 
and IS carried on by three speaker^ of whom Salviaii is a 
Loppcroican and Simpitcio an Aristotelian philosopher 
while Sagredo ts avowedly neutral, but on almost every 
occasion either agrees with Salvtati at once or h easily 
convinced by hito, and frequently joins in casting ridicule 
upon the arguments of the unfortunate Simplicio. 'rhough 
many of the arguments have now lost their immediate 
interest, and the b^k is unduly long, it is stiil very read¬ 
able, and the specimens of scholastic nuasonmg put into 
the mouth of Simplicio and the refutation of them by 
the other speakers strike the modern reader as eietiicnt 
fooling* 

Many of [he arguments used had been published by 
Gflijici In earlier books, but gain impressiveness and Cogency 
by being collected and systematically arrangetL The 
Aristotelian dogma of the immutability of the celestial 
bodies is once more belaboured, and shewn to be not 
only inconsistent with observations of the moon, the sun 
comets^ and new stars, but to be in reality incapable of 
being stated in a form free from obscurity and self-cori' 
tradicUon. The cviderLce in favour of the earth's motion 
derived from the existence of Jupiter’s satellites and from 
the undoubted phases of Venus, from ihe suspected phases 
of Alercury and from the variations in the apparent sixe of 
Min, ^e once more insisted on. The greater simplicity 
of the Coppcmican explanation of the daily motion ^ the 
celestial sphere and of the motion of the planets is forcibly 
urged and illustrated in detail. It is pointed out that on 
the Coppemican hypothesis all motions of nsv-olution or 
rotation take place in the same direction (from west to 
east), whereas the Ptoleniaic hypothesis requires some 
to be in one direction, some in another. Moreover the 
apparent daily motion of the stars, which appears simple 
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enough if Eht stais are regarded as rigidly attached (t> a 
material sphere, is shewn in a quite dilTerent aspect if, 
ns even Simplicio admits^ no such sphere exists, and each 
star moves in sortie sense independently. A star near the 
pole must then be supposed lo move: far more slowly than 
one near the equator, since it dcsoribea a much smaller 
circle in the same time \ and further—an ajrgumcnt very 
characteristic: of Galilci^s ingenuity in drawing conclusions 
from knoiAm facts—owing to the precession of the equinoxes 
[chapter ji., 4a, and tv.* § ^4} and the consequent change 
of the position of the po'te among the stars, some of those 
stars which in Ptolemy^3 time were descfibing very' small 
circles, and therefore moving slowly, must now be desen*bing 
Large ones at a greater speed, and wV*? ttrsa. An extremely 
Complicated adjustment of motions becomes therefore 
necessary to account for observaiions which Coppemicus 
explained adequately by the rotation of the earth and a 
simple displacement of its axis of rotation. 

Salviatx deals also with the standing difficulty that the 
annual motion of the earth ought to cause a coirCBponding 
apparent motion of the stars* and that if the stars be 
assumed so far off that [his motion is impcrceptihle, then 
some of the st^ themselves must be at least as targe as 
the earth's Orbit round the sun. Salviati points out that 
the appartni or angular magnitudes of the fixed stars, 
avowedly difficult to determine* are in reality almost entirely 
illuMry, being due in great part to an optical effect Itnown 
as UTftdiatioii, in virtue of which a bright object always 
tends to appear enlarged ; • and that there is in consequence 
no reason to suppose the stars nearly os large as they might 
otherwise be thought to be. It is suggested also that the 
most promising way of detecting the annual motion of stars 
rrauliing from the motion of the earth would be by 
observing the relative displacement of two stars close 
together in the sky (and therefore nearly in the same direct 
Uon), of which one might be presumed from its greater 


J Thiy a lllkLBtfJttd by the Wcll.tBewn opticl iHyjtm, wherebv n 
whiU! ctrdc on ft biftck hi.ckert.ynd uppcahi Eftr^cr ltu,h m emutl 
iMekjroufld, fbe ■ppinjct dre ft the hoi 
ID ft miMlu-q iDCftDdtaccnl elevtrii: J*n,p is Hiiotdcr e«xl 
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brightness to be nearer than the other. It is, for eitample, 
fi^dent that if, in the figure, E, e' represent two positions of 
the earth in its (Jath round the sun, and a, b two stars at 
diiTerent distances, but nearly in the same direction, then 
to the ot^rver at y, the star a appears to the left of b, 
whereas six months afterwards, when the observer is at 
K appears to the right of Et, Such a motion of one star with 
rwpect to another close to it would be much more easily 
owerved than an alteration of the same amount in the 
disomce of the star from some standard point such as the 
pole» Salviati points out that accurate obsci^ntions of 



this kind had not been made, and that the telescope might 
be of assistanc-e for the pun^O-Sc. This method, known as 
the dqublMtar or differeaUftl method of pamUax, was in 
fact the first to lead—two centuries later—40 a successful 
detection of the motion in iiaestion (chapter xiit., § ^78), 
150. Entirely new ground is broken in the />iaiaj^ 
when Galilei's discoveries of the laws of motion of bodies 
are af^hed to the problem of the earth's motion. His 
great discovery, which threw an cnrireTy new light on the 
mechanics of the solar system, was substantutlly the law 
afterw^^s given by Newton as the first of his three laws 
of motion, in the form j £pe/y body e&atiHuet in its statt of 
rest or if uniform motion m a straight tine, extent (n so for 
os it is iompeikd by foroe ofy/ied to it to ehange that state. 
Putting aside for the present any discussion of foret^ a 
ranceptlon first made really definite by Newton, and only 
imperfectly grasped by Galilei, we may intciprct this law 
^ meaning that a bridy has no more inherent tendency to 
diminish its motion or to stop than it has to increase its 
motion or to start, and that any altemtion in either the 
speed or the direcuon of a body's motion is to be explained 
by the on it o/ isotne oLhet bod)’i or at any rale liy 
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jsome other .isjiif'rtablc ciuse. 'I'htis n stone ihro^vo dong 
tt road comes lo rest on account of the friction between 
it and the ground, n ball thrown up into the jur ascends 
more and more slowly and then falls to the ground on account 
of th%it attraction of the earth on it which w'C call its 
weight. As it is impossible to entirely isofate a body from 
alt others, we cannot experimentally reali-o,: the state of 
things in which a body goes on moving indefinitely in the 
same direction and at the satne rate; it may, howex-er, 
tie lihcwn that the mote we remove a body from the 
influence of others^ the less alteration is there in its motion. 
The law is^ therefore, like most seicntiflc law't, an abstme^ 
tion referring to a state of things to which we may 
approximate in nature. Galilei introduces the idea in the 
Dialogue by meana of a ball on a smooth inclined plane. 
If the halt is projected upwards, its motion is gradually 
retarded ; If downwards, it is continually accelerated. This 
is tfue if the plane is fairly smooth—Ukc a welbploncd 
pfank—-and the inetinaiion of the plane not very smolL 
If we imagine the experiment performed on an ideal plane, 
which is supposed forfeitly smooth, we should expect the 
same results to follow, however small the inclination of 
the plane. Conseriuently, if the plane were quite level, 
so that there is no distinction between up and down, we 
should expect the motion to be neither retarded nor 
accelerated, hut to continue without alteration. Other 
more familiar examples arc also given of ihd tendency 
of a b^y, when once in motion, to continue in motion, 
as In the <^e of a nder whose horse suddenly stops, or of 
bodies iti the cabin of a moving ship which h,ive no tendency 
to lose the motion imparted to them by the ship, jjo that, 
a b<My falls down to all appearances exactly os if the 
j cabin were at rest, and therefore, in reality, 
while falling retains the forward motion which it shares 
with the ship and its contents. Salviati states also that— 
donyary to general belief-a stone dropped from the mast¬ 
head of n ship m motion foils at the fixoi of die mast, not 
Mhind It, but there is no reference to the experiment 
having been actually performed. 

This mechnnlcal principle being once established ft 
liecomes enty lo deal with several common objections to 
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the suppieed motion of the earth. I’he casje: of a atone 
dropped from the top of a tower* which if the earth he 
in reality moving rapidly from west to east might be 
expected to Ml to the wtst in its descent, is eaaily shewn 
to be exactly parallel to the case of a atone dropped front 
the mast'he^ of a ship in motion. 'I'hc motion towards 
the east, which the stone when resting on the tower shares 
with the tower and the earth, is not destroyed m its 
descent, and it is therefore enlirtly in accordance with the 
Coppernican theory' that the stone should fall as it does at 
the foot of the tower.* Similatly, the fact tliat the clouds, 
the atmosphere in general, birds flying in it, and loose 
objects on the surface of the earth, shew no tendency to 
be left tjchind ns the earth mo^ts rapidly eastward, but 
are apparently unaflected by the motion of the earth, is 
shewn^ to be exactly parallel to the fact that the flies in 
a ship's cabin and the loose objects there are in no way 
affected by the unifornt onward motion of the ship (though 
the irregular motions of pitching and rolling do affect thentX 
I he stock objection that a cannon-I kAJ shot westward 
should, on the Coppernican hypothesis, carry farther ilvm 
one shot eastward under like conditions, is met in the 
same way; hut it is further pointed out tliat, owing to 
the imperfection of gunnery practice, the experiment could 
not really be tried accurately enough to yield any decisive 
result. 

The mcj9it unsatisfactory port of the Dialagste is the 
fourth day's discussion, on the tides, of which Galilei 
suggests with great confidence an expk^tion based merely 
on the motion of the earth, while rejecting with scorn the 
suggestion of Kepler and others—correct ns far as it 
went—that they were caused by some influence emanating 
from the moon. It is hardly to be wondered at that the 
rudimentary mechanfcal and mathematical knowledge at 
Galilei's command should not have enabled him to deal 

* ActwoJIy, Biiice tbe top of th# lower la cj cacti bin s' ■ aligbtly Inrser 
orelc thaa in fr»|, the alone ia at Hni niE>vit>> eaatWilN ili|th(ly 
faster than the foot of the tower, an-J Eborrlbre should roaeb Ibo 
ervund all^hUy to the Aur of iL Thia dlaplocement io, how-ever, 
vtry tnmute, and Only t» detected by nwre delicate emnnent* 
than any deviacd by OaliJci. 


(CiL VL 




yf SA^trf IHiiory of Astr&TUfmy 


conccily wiih n prohkni of whjch ihe vaatty more powerful 
resources of luodem science car only give an imperfect 
solution (cf. chapter xi-, § 343, and chapter xiii., § 2^?). 

rji. rhc book as s whole was m effect though not in 
form, a powerful--indeed unanswerable—plea for Copper- 
nicaniam, Galilei tried to safeguard his position, partly 
by the use of dialogue, and partly by the very remarkable 
introduction, which was not only read and approved by the 
licensing authorities, but w-as in all probability in part 
the composition of the Roman censor and of the Pope, 
It reads to us like a piece of elaboiaie and thinly veiled 
irony* and it throws a curious light on the intelligence 
or on the seriousness of the Pope and the censor, that 
they should have thus approved it: — 


"JudiCJDUs reader, there was published some year* since in 
R Mlutj/croiH Edict, that, for the obviating of the danftcrniis 
&anda^ of the pnMtnt Age. imposed a reasonable Si knee upon 
the Pythagorean Opinion of the Mobility of the Earth TW 
want not such unadriscdly affirm, that the Decree was not 
the production of a sober Scmiiny, hut of an illfortncd passion 
and one may hear some mutter that ConsiUtors oltogcthw 
Ignorant of Astronomiral observations ought nnt to cIIod the 
f ^vits irith rash prohibidoog My acnie 

r Z w '^‘‘7 ^ inconsiderate complaints. 

thoroushly acrjLtamtcd with that priidcm 
ix-termmation, to appear openly upon the Theatre of the World 
^ naked TriJitb. I was nr tJiat time in Ji'ofnr 

and had iMt only the nudiencea, bm applauds of the mcoi 

JSout published 

without PrcviDiis Notice given me thereof. Therefore it is mv 

prcMCVl case lo give Foreign Nations to see 

In M'"Tran«] l^rticularly 

^ “anaaJpine Diligence can imagine it to he - and 

Mllectmg together alf the proper speculations that coiicemc the 
Cifperattw to let them know, that the notice of nil 

preceded the Censure of the Romtxn and that tfir-i-j" 

prac«d from Ihis Gimaie not only Doctrines Vor the health of 

Ihe ^ild I’hZfihTl for the recreating of 

me cumd. , . . 1 hope that by these cDnsidcnitlons the worlil 
will know, that if other Nations Narigated moio than 

fuhni .1 J Cixpnccta proceeds tLot from inadvenenev of 
ivhat others have ihonght thereof, but (had one na 2^hef 
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induf^mcnts), from thse n^ascns tliat Piety, Relij^ion, the 
r DiviJic OmnipoEency, and a cohsciommess 

of the mcaparity of man’ii understanding dictate unto qs."* 

ij2k Naturally Galilei's many enemies were not long in 
penetrating these (hin disguises, and the immense suceess 
of the hook only intensified the Oj^positjon which it excited ; 
the Pope appears to have been persuaded that Stmpikto— 
the butt of the whole dialogue—was intended for himself* 
a supjmsed insult which bitterly wounded his vanity; and 
It was soon evident that the publication of the book could 
not be allowed to pass without notice. In June (631 a 
special commi^ion was appointed to inquire into the 
matter—an unitsual procedure, proExibly nit^ant as a mark 
of consideration for Galitei—and two months later the 
further issue of copies of the book was prohibited, and in 
Scpterntjcr a papal mandate was issued requiring Galilei 
to appear personally before the [nquisitlon. He was evi¬ 
dently frightened by the summons, and tried to avoid com¬ 
pliance through the good offices of the Tuscan court and 
by pleading his age and infirmities^ but after considerable 
delay, at the end of which the Pope issued instructions to 
bring him If rtcoessary by force and in chains, he had 
to submit, and set off for Rome early in ^633^ Here he 
was treated with unusual consideration, for whereas in 
general even the most eminent offenders under trial by the 
Inquisition were confined in its prisons^ he was allowed to 
live with his friend Niccotini, the Tuscan ambassador, 
throughout the trial, with the exception of a period of 
about three week^ which he spent within the buildings 
of the Inquisition, in comfortable rooms belonging to one of 
the officials, with permission to correspond with his friends, 
to take exercise in the garden, and other privileges. At 
his first hearing before the Inquisition, his reply to the 
charge of having violated the decree of i6i(S (5 ia6) was 
that he had not understood that the decree or (he admoni¬ 
tion given to him forbade the teaching of the Coppcmican 
thrary as a mere “ hypothesis," and that his Wk had not 
upheld the doctrine in any other way. Between his first 
and second hearing the Commission, which bad been 

' tf»mliitlon by Silukhufy, in Vol. L of hii Mathrmati'ml 
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eximmitig hia hook, reponed ihai ii did distinctly defend 
and nmintain the obnOKiotis doerrinw^ and Galilei, having 
been meanwhile privately advised by the Commissary- 
General of the Inquisition to adopt a more submissive 
attitude, admitted at the neat hearing that on reading his 
book again he recognised that ports of it gave the arguments 
for CoppcrnicanUra mort strongly than he had at first 
thought, rhe pitiable statu to which he had been reduced 
was shewn by the offer which he now made to wn'te a 
continuation to the I^ialoguc which should as far as possible 
refute his own Coppernican arguinents. At the final 
hearing on June list he was examined under threat of 
torture,* and on the next day he was brought up for 
sentence. He was convicted of believing and holding 
the dociniifts—false and contrary to the Holy and Divine 
Scriptures—that the sun is the centre of the world, and 
that it does not move from east to west, and that the earth 
docs move and is not the centre of the world ; also that an 
opinion can be held and supponed as probable after it has 
been declared and decreed contrary to the Holy Scriptures,^ 
In punishment,, he was required to abjure, curse, and 
detest the aforesajd errors,” the abjuration being at once 
read by him on his knees; and was further condemned to 
the ^formal prison of the Holy Office” during the pleasure 
of hia judges^ and required to repeat the seven penitemiuJ 
once a week for three years. On ihe following day 
me Pope changed the sentence of imprisonmetit into con- 
hnement at a country-house near Rome belonging to the 
Grand [Juke, and Galilei moved there on June e4th.t On 
boning to lx allowed to return to Florence, he was at 
first allowed to go as far as Siena, and at the end of the 
year was permitted to retire to hts country-house at Arcelri 
near Florence, on condition of not leaving it for the future 
Without permission, w hile his intercourse with scientific and 
other friends was Jealously watched. 


■*" 

^poic that thej? were ipml etaiwhm iliAti in the iMaiQfQrtRhtc 
roomi Ln which it u known llkit he Jived during moiTt of April, 
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The 5tor>'^ of the trial reflects little credit cither on 
Galilei or on his persecutors. Kw the Fatter* it may be 
urged that they acted with unusual leniency considering 
the customs of the time; and it is probable that many 
of tho^ who were concerned in the trial were amious to 
do os little injury to Galilei as possible, but were practically 
forced by the party perwrtally hostile to him to tate some 
notice of the obvious violation of the decree of idid. It 
is easy to condemn Galilei for cowardice^ but it must 
borne in mind* on the one hand, that he was at the time 
nearly seventy* and much shaken in health] and, on the 
other* that the Roman Inquisition, if not as cruel as the 
Spanish, was a very real power in the early 17th century; 
during GatiEci's life-time (t6oo) Giordano Bruno had been 
burnt alive at Rome for writings which, in addition to 
containing religious and political heresies^ supported the 
Coppemican ^■rtronomy and opp^ed the traditional 
Aristoieijan phitosophy. Moreover* it would be unlair to 
regard his suliniisiLon as due merely to consideratiorrs of 
personal s^ety, for—apart from the question whether hi-9 
beloved science would have gained anything by his death 
or permanent imprisonment — there can be no doubt tliat 
Galilei was a perfectly sincere member of his Church, and 
although he did his best to Convince individual officers 
of the Church of the correctness of his views, and to 
minimise the condemruitLon of them passed in i6id, j'ct 
he w'as probably prepared, when he found that the con¬ 
demnation was seriously meant by the Pope* the Holy 
Office* and others, to believe that in some senses at least 
his views must be wrong, although, as a matter of observa¬ 
tion and pure reason, he was unable to see how or why. 
In fact, like: many other cxcclJent people* he kept water¬ 
tight compartments in his mind, respect for the Chuieh 
being in one and scientific investigation in another 
Copies of the sentence on Galilei and of his abjuration 
w-erc at once circulated in Italy and m Roman Catholic 
circles elsewhere, and a decree ^ the Congregation of the 
Index was also issued adding the Dialogue to the three 
Coppemican book^ condemned in tfirS, and to Kepler's 
E^Jome of the Coppernican Astronomy (chapter vin, § 145), 
which had been put on the Ittdtx shortly afterwards. It 
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inay be of tricrest to note that these five books still remained 
in the edition of the Indij: ProhiAiUd Baok^ which was 
issued in (with appendices dated as iate as iSai)j 

hut disappeiucd from the nent edition, that of 1S35. 

tJS- "^^'he rest of Galilei^s life may be described very 
briefly^ With [he otcepdon of a few months^ dufin|( which 
he was allowed to Ik at notence for ilie sake of medical 
treatment, he remained co'ntinuously at Arcetrj, evidently 
pretty closely watched by the agents of the Holy Office^ 
much restricted in his interccuirse with his friends, and 
preveoted from cairying on his studies in the directions 
which he liked besL He was moreover very infirm, and 
he was atliicted by domestic troubles, especiaJly by the 
death in 1654 of his favourite child, a nun in a neighbouring 
convent. Hut his spirit was not broken, and he went on 
with several important pieces of work, which he had begun 
earlier in his career. He carried a little further the study 
of his beloved Medicean Planets and of the method of finding 
longitude l^ed on their move menu (5 127), and iiegotiated 
on the subject with the Hutch government. He made also 
a further discovery relating to the moon, of sufficient 
importance to deserve a. few words of CKplanation. 

It had long been well known that as the rnoon describes 
her monthly path round the earth we see the same markings 
surtitantially in the same positions on the disc, so that 
substantially the same face of the moon is turned towards 
the earth. It occumed to Galilei to inquire whether this 
w^ accurately the case, or whether, on the contrary, some 
change in the moon's disc could be obsen^ed^ He saw 
that if, 03 seemed likely, the line joining the centres of the 
earth and moon always passed through the same point 
on the moon's surface, nevertheless certain alterations in 
an ob^rvePs position on the earth would en.'ibic him to 
Stt dinercnt portions of the moon's surface from time to 
time. ITie simplest of these alterations is due to the daily 
motum of the earth. I^rt us suppose for simplicity that 
the observer ts on the earth*s equator, and that the moon is 
at the time in the celestial equator. Jj;t the larger circle 
in fig. represent tlie earth's equator, and the smaller 
circle the section of the moon by die plane of the equator, 
i hen in about la hours the earth's rotation carries the 
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observ^cr from a, w^here ho s«es the moon nsing, io where 
he sees k setting. Wben he is at c, on the line joining the 
centres of the earth and moon, the point o appears to be in, 
the centre of the moon's disc, and the portion co is visible, 
f K / in>n£ible. Btit when the obser¥er Is at A, the point p' 
on the rghi of o* appears in the centre, and the portion 
n p a visible^ so that is now visible and a f invisible. 

In the same way, when the observer is at b, he am see the 
I^rtion fA, while ^ is invisible and q appears to be in 
the cen^e of the disc. Thus in the course of the day 
the portion a o A {dotted in the ligtire) is constantly visible 
and A ^ fl’ (also dotted) constantly invisibre, while acA 
and flV ^ alternately come into view and disappear. In 
other words, wrhen the moon is rising we see a litde 
more of the side which is the then uppermost, and when 
she IS setting we see a little more of the other side which is 
uppermost in this pwition. A similar explanation applies 
when the observer is not on the earih^s equator, but the 
ffrtmetfy is slightly more complicated. In the same way, as 
the moon passes from south to north of the equator and back 
aa she revolves round the earth, we see alternately more and 
less of the northern and southern half of the moon, fhis 
set of changes—the simplest of several somewhat similar 
ones which are now known as libratioiu of the moon—being 
thus thought of as likely to occur, Galilei set to work to test 
their existence by observing certain markings of the moon 
usually visible near the edge, and at once detected altera¬ 
tions in their distance from the edge, which wxrc in general 
accordance with his theoretical anticipations. A more 
precise inquiry was however interrupted by failing sieht 
culminating (at the end of i6j6) in total blindness, 

But the most imporiani work of these years wtis the 
completion of the great book, in which he summed up 
and completed his discoveries in mechanics, JAiMf- 
/aa/tcaZ and Demmsfraiiottf ronarmns' Tkim 

Ntiif Sctcmes^ rtAating SUxhania and to Afothn. 

It Was wntten m The form of a dialogue between the same 
three speakers who figured in the Dialogue on the Svilems, 
but IS distinctly inferior in literary merit to the earlier 
work. VVe have here no concern with a large pan of 
the book, which deals with the conditions under which 
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bodies are kept at rest by forces applied to them (statics), 
and certain problems relating to the resistance of Ix^ies 
to fracture and to bending, though in both of these 
subjects Galilei broke new ground. More important 
astronomically—and probably intrinsically also—is what he 
calls the science of local motion,* which deals with the 
motion of bodies. He builds up on the basis of his early 
experiments (§ ii6) a theor>' of falling bodies, in which 
occurs for the first time the important idea of nnifomily 
aooelerated motion, or uniform aooeleration, i.e. motion 
in which the moving body receives in every equal interval 
of time an equal increase of velocity. He shews that the 
motion of a failing body is—except in so far as it is dis- 
turl)ed by the air—of this nature, and that, as already 
stated, the motion is the same for all bodies, although 
his numerical estimate is not at all accurate.t From this 
fundamental law he works out a number of mathematical 
deductions, connecting the space fallen through, the velocity, 
and the time elapsed, both for the case of a body falling 
freely arnl for one falling down an inclined plane. He 
gives also a correct elementary theory of projectiles, in 
the course of which he enunciates more completely than 
before the law of inertia already referred to (§ 130), 
although Galilei's form is still much less general than 
Newton's;— 

Ctfiieerve a body projedtd or thrown along a Aonsontal 
plane, all impediments being removed. Now it is dear by 
what we have said before at length that its motion will 
be uniform and perpetual along the said plane, if the plane 
extend indefinitely. 

In cormection with projectiles, Galilei also appears to 
realise that a body may be conceived as having motions 
in two dififerent diirections simultaneously, and that each 
may be treated as independent of the other, so that, 
for example, if a bullet is shot horixontally out of a 
gun, its downward motion, due to its weight, is unaffected 

* Equivmlcnt to portioos of the tab^ now called efynmmia or 
(more correctly) kimtmmties and kimetia. 

t He ratimatn that a body falla in a accond a diatanre of 4 
"bracchla,” eaoivalent to about 8 feet, the true distance being 
slightly over to. 
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Jty Its hcrbont^t! mot bn, and consequently it reaches 
the ground at the same time as a bullet simply allowed 
to drop; but Galilei gives no gcnen] Etateincut of this 
pfbeipic, Tifhich was afterwards embcKiied by Newton in 
his Second Law of Motion. 

The treaty on the T^m JVhif SAenf^s was dnished in 
1636^ andji since no book of Galilei's could be printed in 
Italy, it was published after some little delay at Ijcyder 
in 1633. In the same year his eyesight, which he had 
to some extent recovered after his first attaclc of blindness, 
failed completely, and four yeans later (January Sth, 1642} 
the end came^ 

*34- Galilei^s chief scientific discoveries have already 
been noticed- The telescopic discoveries, on which much 
nf his popular reputation rests, have prohahly attracted 
more than their fair share of attention; many of them 
were made almost simuliancously by others, and the rest, 

^ being almost inevitable results of the invention of the 
^.^lescope, could not have been delayed long. But the 
ajtitfut use which Galilei made of them as arguments for 
Cop^rnican system, the no less important support 
whi^ his dynamical discoveries gave to the same cause, 
the lucidity and dialectic brilliance with which he marshalled 
the arguments in favour of his views and demolished 
those of his opponents, tc^ether with the sen&it tonal in¬ 
cidents of his persecution, formed conjointly a contribution 
to the Coppernican controversy which was in effect 
drasn-e. Astronomical text books still continued to give 
side by side accounts of the Ptoletnaic and of the Copper- 
mcaji systems, and the authors, at any rate if they wW 
gD<^ Koman Catholics, n.sually expressed, in some more 
or less perfunctory way, their adherence lo the former, but 
there was no real life left in the traditional astronomy ‘ 
new advances m astronomical theory were all on Copper- 
mean lines, and in the extensive scientific correspondence 
of Newton and his contemporaries the truth of the 
^ppermcan system scarcely c^er appears as a subfect for 
discussion. 

Galilei's dynamical discoveries, which are only in part 
of astronomical importance, are in many respects his 
most remarkable contribution to science. For whereas in 
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astrofiomj^ he w.is building on foundrition.!: laid by pre¬ 
vious generations^ in djuamics it was no question of im¬ 
proving or developing an existing science, but of creating 
ti new one. his predecessors he inherited nothing 

buteFroncoijs tradiiions and obscure ideas; and when these 
had been discarded, he had to arrive at elcir fundamenml 
notions, to devise experiments and make observations, to 
interpret his experimenta] results, and to follow out the 
rtiathcmatical mnscquences of the simple laws first arrived 
pt. The positive results obtained may not appear numerous, 
if viewed from the standpoint of our modern kuowl^ge, 
but they sufficed to constitute a secure liasis for the super¬ 
structure which taler investigators added. 

It customary to associate with our countryman Francis 
Bacon (1561-1627) the reform in methods of scientific 
discovL-ry which took place during the seventeenth century, 
and to which much of the rapid progress in the natural 
sciences made since that time lunst m attributed. The 
value of Bacon^s theory of scientific discovery is very 
differently estimated by different critics, but there can be 
no question of the singular ill-success which attended his 
attempts to apply it in particular cases, and it may fairly 
be questioned whether the scientific methods constantly 
referred to incidentally by Clalilei, and brilliantly exernplified 
by his practice, do not really contain a large part of what 
B v-alLiable in the E.acDn:ian philosophy of science, while at 
the same lime avoiding some of its errors. Reference has 
already been made on sev^eral occasion.^ to (Hiliki's protests 
against the current method of dealing wiiJj sdeniific 
questions by the interpretation of passage in Aristotle, 
Jholemy, or other writers; and to his constant insistence 
on the necessity of appealing directly to actual observation 
of facts. But while thus agreeing with Bacon in these 
essential points, he differed from him in the recognition 
of the importance, both of deducing new results from 
established ones by maihematLcal or other processes of 
exact reasoning, and of using such deductions, when 
cornp^d with fresh experimental results, as a means of 
verifying hypotheses provisionally adopted. This method 
of proof, which lies at the bsse of nearly all important 
scientific discovery, can hardly be described belter than by 

ij 
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Galilei’s own statemenl of it, as applied to a particular 
Case:— 

‘*Let us iheiefore t^r ihig m present aq a P^es/ul^uwt, the 
truth ivliereor we shall aftcrwanla find esLibluhcd, whert we 
sh^l see other conclusians built upon this liypotiuas^ to answer 
and most evaetly to agree with Eiperience,*’* 

Two Nno Stifnm^ traiulatcd by Westen, p. 355. 


CHAPTER VII. 

]t£n.ER. 

Hia exlcbnitvd: laws were the otticMie * Urctiinc of ipecuUtion, 
Tor moot part vain and ^undlesa. . . . But Keplier'e name lom 
destined lo be innnorult on aecoust sf Ibc patience wilJi which be 
flubmitted hia hypeithea«a oOmparison with Dhaervatioiij, the eandatir 
with which be acknowlcdeed failure after (ailure, and the perBever- 
atiCe and izigenulcy with whkh he renewed hii ntlack upon the 
riddle* of naturc.“ 

JtVQKB. 

135. JOHS tCEfLER, or Kepplcr,* was born tn 1571, «evcn 
years after GalOei^ at Weil in VViirtemberg ; his parents were 
in reduced Ciicumstances, thDU|,;h his father had Kune claims 
to noble descent. Though VVeil itself was predominantly 
Ronun Catholic, the Keplers were Frotestantj, a fact which 
frequently stood in KepIcHs way at various stages of his 
career. But the father could have been by no means 
zealous in his faiths for he enlisted in the army of ibe 
notorious Duke of Alva when it w^os engaged in trying to 
suppress the revolt of the Netherlands against Spanish 
persecution. 

John Kepler's cluldhood was marked by more than the 
uiuil^ number of illnesses, and his bodily wcakrresses, 
combined with a promise of gr^t iuiellectuaJ ability, seemed 
to point to the Church as a. suitable career for him. After 
attending various elementary schools with great irregularity 
—due partly to ill-health, partly to the requirements of 

• Th« MLtxipot&cr spjKw™ to have uacd both apdlingi of hia name 
atment indifferently. For example, Ihe tilliypa^ of bis raerat 
important book, the CoM^uumttri^ oh fAv JfoAtiifX p/ Mart (d 1*1) 
bu the form Kepler, white the dedkahon of ibe same bwk la aicned 
Keppler. 
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manual work nt home—ht was sent in 1584 at the public 
expense to the monastic school at Adelberg* and Lwo yeirs 
later lo the mote advanced school or collq^e of the 
same kind at Maulbnonn, which was connected with the 
University of Tubingeiij then one of the great centres, of 
Protesuint theology. 

In 1588 he obtained the B A. deg^ec^ and in the following 
year entered the philosophical faculty at Tubingen► 

There he came under the influence of Macatlin, the 
professor of mathematics^ by whom he was in private 
taught the prindptes of the Coppemicin system, though 
the professorial lectures w'Cre still on the traditional lines. 

In i5pi Kepler graduated us M.A., being second out of 
fourteen candidates, and then devoted himself chieBy to 
the study of theology. 

136. In 1594, however, the Protestant Estates of Styria 
applied to Tubingen for a lecturer on mathematics {in¬ 
cluding astronomy) for the high school of Gmte, and the 
appointment was offered to Kepler. Having no special 
Imowicdge of the subject and us yet no taste for it, he 
naturally hesitated about accepting the offer, but finally 
decided to do so, expressly stipulating, however, that he 
should not thereby forfeit his claims to ccciesi.astrcal 
preferment in ^Vurtcmberg, The demand for higher 
nrnthematics at Giatz seems to have been slight; during 
hia first year Kepler's nrathemntical lectures were attended 
by very few students, and in the following year by none, 
so that to prevent his salary from being wasted he was 
set to teach the elements of various other subjects. It 
was moreover one of his duties lo prepare an annual 
almanack or calendar, which was einpected to contain not 
merely the usual elementary astronomical information such 
as wc are accustomed to in the calendars of tCKlay, but 
also astrological information of a more iuterestiug character, 
such os predictions of the weather and of remarkable events, 
guidance as to unlucky and lucky times, and the like. 
Kepler's fitst calendar, for the year 1595, contained some 
happy weather-prophecies, and he acquired accord!ngly a 
considerable popular reputation as a prophet and astrologer, 
which remain^ throughout bis life, 

Meanwhile bis official duties evidently left him a good 
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deal of leisure, which he spent with characteris^tlc energy 
in acquiring as thorough a knowledge a.^ possible of 
astronomy, and In speculating on the subjects 

According to his own fitatetnentj "there were three 
things in partEcular» tV 5 . the number, the size, and the 
motion of the heavenly bodies, as to which he searched 
zealously for reasons why they were as. they were and not 
otherwise"; and the results of a long course of wild 
speculation on the subject led him at last to a result with 
which he was immensely pleased—a numerical relation 
connecting the distances of the several pLmets from the 
SLin with certain geometrical bodies known as the regular 
solids (of which the cube is the best known), a relation 
which Is not very accurate numerically^ and is of absolutely 
no significance or importance.* This discovery, together 
with a detailed account of the steps which led to it, as well 
as of a number of other steps which led nowhere, was 
published in 1596 In a book a portion of the title of which 
may be translated as Tki /■flr^ruftfffr &f Dhscrttttioiii m 
ihi UtiH^irsi, tht Myittry 0/ thg Unhwe^ 

commonly referred to as the .\fysUnffm CoitnograpMoitft- 
The contents were probably amok more attractive and 
seemed more iraluable to Keplet*s contemporaries than 
to us, but even to those who were least inclined to attach 
weight to its conclusions, the book shewed evidence 
of considerable astronomical knowledge and very great 
ingenuity; and both Tycho Brahe and Galilei, to whom 
copies were sent, recognised in the author a rising 
astronon^er likely to do good work. 

ij?. In 1597 Kepler married. In the rollowing year the 
religious troubles, which had for some years been steadily 
growing, were increased by the Jiction of the Archduke 
Ferdinand of Austria (afterwards the Emperor Ferdinand II.), 
who on his teturn from a pilgrimage to Loretto started a 

Tbc repilar telM* bein^ in ihc order: cube, tclTiihcdnin, 

dodeewhedron, ieoutiiTd ron, octohedreo, of such nii|;Ditudc ItiAt 
A «n be ditumseribed to each nnd aL llte urit time inarriboit 

in Ihrc prceedinE polid of the serirg^ Ihen I he ndii of the six Apticrea 
BO obuuned Were nhewn by Kepler lo be Ajp^proilmatcly proportiiHut 
to the diAtonort from the sun of ihe tix plDnels SAUim, Jupiter, Uatb^ 
EArth, Venui, and Mercuiy. 
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vigorous pefsecutJor of Frcrtesbints iti tils dommions, one 
step in which was an. order that all Protestant ministers 
and teachers in Styria ^should quit the counir)' at once 
{1593). Kepler accordingly fled to Hungary, bm returned 
after a few^ weeks by special permts-sion of the Archduke, 
given apparently on ihe advice of the Jesuit party, who had 
hopes of converting the asirotiomer* Keplers hearers had, 
however, mostly bttn Ecattered by the peisccution, it be- 
caine difficult to ensure regular payment of his stipend, 
and the rising tide of Caiholicism made his position in¬ 
creasingly insecure. Tycho’s overtures were accordingly 
welcome, and in 1600 he paid a visit to him, as already 
described (chapter v., § loS), at Senatek and Prague, He 
returned to CraLc in the autumn, still uncertain whether to 
accept Tycho's offer or not, hut being then dehnitely 
dismissed from his i>ositlon at Grata on account of his 
Protestant opinions, he returned finally to Pra^c at the 
end of the year. 

13S. Soon after Tycho's death Kepler was appointed his 
successor as mathematLCtan to the Emperor Rudolph (i6oi), 
hut at only half his predecessor’s salary^ and even this was 
paid with great iire^larity, so that complaints as to arrears 
and constant pecuniary difficulties played an important part 
in his future life, as they had done during the later years 
at Ciatz.. Tycho's instruments never passed into his pos¬ 
session, but as he had little uiste or skill for oh^rving, the 
loss wiLs probably not great; fortunately, after some diffi¬ 
culties with the heirs, he secured control of the groater part 
of Tycho’s incornparahle series of observations, the working 
up of w'hich into an improved theory- of the solar system 
was the main occupation of the next 25 years of his lift. 
Before, however, he had aebieved any substantial result in 
this direction, he published! severtti minor works—-for ex¬ 
ample, two pamphlets on a new star which appeared in 1604, 
and a treuiise on. the applications of optics to astronomy 
(published in 1604 with a title beginning Ad intdiiontm 
Pitraiipomeitit^uihuf Asirowomitie JKtr$ Optka TraAitar . . 
the most interesting and important psirt of which was a 
co^idwablc improvement in the theory of aatronomrcal 
refraction (chapter 11., § 4^1 mid chapter v-., S 1 lo). A 
later optical treatise (the Dioptria of ifin) contained 4 
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suggestion for the constrttcltoti of a telescope by the use 
of two convex lenses^ which is the form now most cotnrnonly 
adopted, and is a notable improveTnent on Galilei’s instni- 
inent {chapter vi,j § tiS), one of the lenses of which is 
Concave; but Kepler does not seem himself to h 4 ve had 
enough mechanical skill to actually construct a telescope 
on this plan, or to have had access to workmen capable 
of doing So for him; and it is probable that Galilei's 
enemy Schetner (chapter vi.^ §§ 124, r35) was the first 
person to use (alxiut 1613) an instrument of this kind. 

13^, It has already been mentioned (chapter v., § loR) 
that when Tycho was dividing the work of bis oliservatory 
amorrg his assistants he assigned to Kepler the study of 
the planet Mare, probably as presenting more difficulties 
than the subjects assigned to the others. It had been 
known since the time of Coppemicus that the ptaneis, 
including the earthy revolved round the sun in paths that 

were at any rate not very difierent from circles, and 

that the dieviations from uniform circular motion could be 
represented roughly by systems of ecoentrica and epic^’cles. 
iTic deviations from uniform circular motion were, however, 
notably dlfierent in amount in different planets, being, 
for example, very small In the case of Venus, relatively large 
in the case of Mars, and tai^r still in that of Mercury. 
'JTic Prussian Tabks calculated by Reinhold on a Copper- 
Eiican basis (chapter v*, § 94) were soon found to represent 
the actual motions very imperfectly, errors of 4® and 5® 
having been noted by Ty<^o and Kepler, so that the 

principles on which the tables were calculated were evi¬ 

dently at fault. 

The solution of the problem was clearly more likely 
to be found by the study of a planet in which the de¬ 
viations from circular motion were os great as possible. 
In the case of Mercury satisfactory observations were 
scarce, whereas in the case of Mars there was an abundant 
scries recorded by Tycho, and hence it was true insight on 
Tycho’s part to assign to his ablest assistant this particular 
planet, and on Kepler's to continue the research with un^ 
wearied patience. The particular system of epicycles used 
by Coppemicus (chapter iv., § 87) having proved defective, 
Kepler set to work to devise other geometrical schemes, the 
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results of v^'hich could be compared with obseri^'^tion. 'Fhe 
pbccs of Mars as seen gr the sky toeing a. combined result 
of the motions of Mars and of the earth in their respective 
orbiiA round the suiit the irre^Eftrities of the two orbits 
were apparently InextHcahly mixed up, and a great simpli- 
lication was accordingly effcctend wben Kepler sucoeeded* 
by an ingenious cornbinatton of observations laken at suit¬ 
able times, in discniangltng the irtegulariiics due to the 
earth from those due to the motion of Mars itself, and 
thus rendenng it possible to concentrate his attention on 
the latter- His fertile imagination suggested hypothesis 
after hypothesis, combination after combination of eccentnc, 
epicyde» and equant^ he calculated the results of each and 
compared them rigorously with observation j and at one 
stage he arrived at a geometricaJ scheme which w'as capable 
of representing the observations with errors not exceeding 
S'." A man of less intellectual honesty^ or less convinced 
of the necessity of subordinating theory to fact when the 
two conflict, might hax’e rested content with this degree 
of accuraC}', Or niight have supposed Tycho's refractory 
observations to be in error. Kepler, however, iljought 
otherwise 

Since the divine goodness has gi«n to its in Tycho Brahe a 
most caneful ohstrver, from whose observations the error ot^ S' 
is sheurn in (bis colettlation, ., , it is right that we should ^vith 
gratitude recognise and make use of this gift of God. - + h For if 
1 could have ircatcd of longitude os negligible I should have 
already corrected sufheicnily the hypothesis . . . disccn'crcd in 
chapter xvt. But as they could ncii be neglected, these 
alone have led the way towards (he complete reformation of 
astronomy, and hive been made the Eubject'inalier of a great 
part of this Mn^rf* f 

140. He accordingly started afresh, and after trying a variety 
of other cambinaiiona of circles dedded that the path of 
Mars must be an oval of some kind. At first he was in¬ 
clined to believe in an egg-shaped oval, larger at one end than 
at the other, hut soon had to abandon this idea. Finally 

* Two stars 4'apart only just appear distioct (0 (he naked cyc of 
a pCTMili wiih aWmgG JtEvimesi of sight. 

f CaitfUf/nriKTJ'j on t/u J/dA'ims 0/Part 1 end of cluplvr ilK- 
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he tried the simplest knt)wri oval curvef the ellipse,* and 
found to his delight ituil it satisfied Lite conditions of the 
prohlem, if the sun were taken to be at a focus of the ellipse 
described liy Mars. ^ ^ 

It was further necessary to formulate the law of vartalion 
of the rate of motion of the planet in different parts of its 
orbit. Here again Kepler tried a number of hypotheses, in 
the course of which he fairly lost his way in the intricacies 
of the mathematical questions involved, but fortunately 
arrived, after a dubiouis process of compensation of errors, 
at a simple law which agreed with observation. He found 
that the planet moved fast when near the sun and slowly 
when distant from it, in such a way that the area described 
or swept out in any time by the line joining the sun to 
Mars was always proportional to the time. Thus in fig. 60T 
the motion of Mars is moat rapid at the point a nearest to 
the focus s where the sun is, least rapid at a', and the 

• An clli^ » one tjf •ever*! curves, known hb wnio ikUom, 
whkh cid be formed by takinE a KCtion of 1 COOC, and may be 
deHnsd u A curve tbe sura of the diaEnnCes of any point on which 
CrofB. inildc it^ knOivTi m the fwi, [s The Mmti 

Thus in the fipiire, e and u arc the fuel, and f, 0 ^ "J' iwo 



points on ibc cunre^ then the diitancu a p, h f ndded together Are 
equal lo Ibc dtstance# • a U If Added loEellln:, Artd eAch lum U equAl 
to the length A of the etlipae. The rAlio of the ditiAocc a h to 
the length aa^Sji kitoWn « the UDBAatfiflltr. fcwl ia a convenient 
meuurc of the extent to which the cUipie dLffcn from a Cirtlc. 

t The e 5 ]lp« ia mevt doncAted thAn the Actuhl p»lh. of ilAra, an 
Hturate drmwing of wfikh wotiid he nrd latiotrufafiAljlc lo the eye 
from A cirtlt The eccentricity i* J In the HguTe, tlipE of Mats being 
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shaded nnd unshaded portions of the figure rciirescnt equal 
area£ each corresponding to the motion of the planet during 
a month. Kepler's triumph at arriving at this result is 
expressed by the figure of victory in the comer of the 
diagram (fig^ 6t) vrhich was used in establishing the last 
stage of his proof. 



14 T. Thus were establ ished for the case of Mars the two i m¬ 
portant results gencratly known as Kepler’s first two tans 
I. The planft districts an ellipsis sun Mnp;in ontfffots. 
a. TAf /ifur jeinia^ fAi plane/ io iht xnn swteps out 

tquai areas in any twn equal infert?ais of time* 

The full history of this invcsiigatiotij with the results 
already stated and a number of developinents and results 
of minor importance, together with innumerable digressions 
and quaint comments on the progress of the inquiry^ was 
published in 1609 in a book of considerable lengthy the 
Commentaries an the Motions pf Mars A 

142+ Although the two laws of planetary motion just 
given were only fully established for the case of Mars, 

' rfsArvmoffvir JVtuwi aiTia^rrifrot »w ChA'aSj, Irib/tiit Com- 

mfniUrfis tU Hatibma SUUnt Marih, Ex 06s€Tvxtii>Ki6M (J. JK 
TyeMonir Bmht* 
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Kepler stated that the eaith's path also must be an oral 
of some kind, and was evidtntly already convinced—aided 
bj’ bis firm belief in ibe harmony of Nature—that all the 
planets moved in accordance with the same laws. This view 
is indicated in the dedication of the bock to the Emperor 
Rudolph, which gives a fanciful account of the work as a 



rxEL 6l.—DiitEnni uiii^ by tCepIcr to csUblish bll of pUnhClLry 
Doalion. From the CpjmWrMtftnrf am 

Struggle against the rebellious War-God Mars, as the result 
of which he Is finally brought captive to the feet of the 
Emperor and undertakes to live for the future as a loyal 
subjccL As, however, he has many rclatbns in the 
ethereal spaces—his father Jupiter, his grandfather Saturn, 
his dear sister Venus, his faithful brother Mercury-^nd he 
yearns for them and they for him tfff atmunt cf fh( nmifartiy 
af thdr hubitSt be entreats the Emperor to send out an 
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e^xpediLion os soon s.% possible to capture them also^ and 
with that object to provide KepJer with the " sinews of 
war " in order that he may equip a suitable army. 

Although the money thus delicately asked for was only 
supplied very irregularly^ Kepler kept steadily In view the 
exp^ition for which it was to be used] or, jn plainer words, 
ho worked steadily at the problem of extending his elliptic 
theory to the other planets, and constructing the tables of 
the planetary motions, based on Tycho's observations, at 
which lie had so long been engaged. 

143. In r6tr his patron Rudolph was forced to abdicate 
the imperial crown in favour of his brother Matthias, who 
had little interest in astronomy, or even in astrology; and 
as Kepler's position was thus rendered more insecure than 
ever, he opened negotiations with the Estates of Upper 
Atistna, as the result of which he was promised a small 
satary, on condition of undertaking the somewhat varied 
duties of leaching mathematics at the high school of Linz,, 
the capital, of constructing a new map of ihu province, and 
of complcdng his planetary tables. For the present, how¬ 
ever* he decided to stay with Rudolph. 

In the same year Kepler lost his wife* who had long 
been In weak bodily and mental health. 

In the following[ year (i6ia) Rudolph died, and Kq^ler 
then moved to Linz and took up his new duties there, 
though still holding the appointment of mathematician to 
the Emperor and occasional Ey even receiving some portion 
of the salary^ of the office. In id i^ he munied again* after 
a careful consideration, recorded in an extraordinary but 
very characteristic letter to one of his friends* of the relative 
merits of eleven ladies whom he regarded as possible; and 
the provision of a proper supply of wine for his new house¬ 
hold led to the publication of a pamphlet* of some mathe¬ 
matical interest* dealing with the proper way' of measuring 
the contents of a cask with curved aideii.* 

144, In the years ibi3-t6zi, although in some ways the 
most disturbed years of his life, he published three books 
of importance—an Mpit&mt of iht Capernimn Aitranomy^ 
the Harmony 0/ iht W&rhiA and a treatise on Cumin. 

le contiiu |he gema of the nwthmi of lefiniteafmala, 
t Ifanitotticf) Mitijiit Uirn V. 
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The second aj^d mosl imporuinl of lhese> published In 
i6ig, though the leading idea in it was diiicovercd cady 
in 161S, was regsuded by K-epler as a development fJT his 
early Myiteriu^ C&sm&graffhitum (§ 13^*)- specula¬ 

tive and my^ic fjcmpeiament led hiin constantly to search 
for relations Ijclween the various numerical quantities ocdur- 
ring in the solar system ; by a happy inspimion he thought 
of trying to get a relation connecting the iEizes of the orbits 
of the various planets with their times of revolution round 
the sun, and after a number of unsuccessful attempts dis* 
covered a simple and important relation, commonly known 
as Kepler's third law :— 

Thi S^uar^ ^ tht Hum af rtr^oluti&n of any Hoo pianett 
{ineltfJifig the earth} about ikt snh rtre friff^tiomj/ to the 
etfbei of thiir mean diifanm from the tun* 

If, for eicamplc, we otpress the times of revolution of 
the various planets in terms of any one, whkh may be con¬ 
veniently taken to be that of the earth, namely a year, and in 
the same way express the distances in terms of the distance 
of the earth from the sun as a unit, then the times of 
revolution of the several planets taken in the order Meroity, 
Venus, Earth, Mars, Jupiter^ Saturn are approximately 34, 
'6r5, t, r83, 11'86, 2^‘4S7. and ihctr distances from the 
sun are respectively -387, 'yaj, 1, i 5^4- 
now we take the squares of the first series of numbers (the 
square of a number being the number multiplied by itsclQ 
and the cubes of the second series (the cube of a number 
Ijcing the number multiplied by itself twice, or the square 
tnuloplied again by the number^ we get the two scries of 
numbers gi ven approximately by the table :— 
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Hem it will be seen that the two series of numbers, in the 
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up|>er and lower tow^ respeciively, agree completely for as 
many decimal places as are givens except in the cases of 
the two outer planets, where the lower numbers are slightly 
m excess of the upper. For this discrepancy Newton after¬ 
wards assigned a reason (chapter ix., § i 36 ), but witii ^e 
somewhat imperfect knowledge of the times of rcvolotiein 
and distances which Kepler possessed the discrepancy 
was barely capable of detectionf and he wm therefore 
justified—from his standpoint—in speaking of the law as 
** precise."* 

It should be noticed further that Kepler’s law requires 
no knowledge of the actual distances of the several planets 
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from the sun, but only of their relative diatances^ nc. the 
number of dmesi farther off from the sun or nearer to the 
stin any planet is than any other. In other word?. It u 
necessary to have or to be able to construct a tnap of the 
solar System correct in its pr&ycHioms^ but it is quite 
unnecessary for this purpose to know the nak of the map. 

Although the Harmmy ef iht Worid is a large book, 
there is scarcely anything of value in it except what has 
already been given. A good deal of space is occupied 
with lepetitiana of the earlier xpcculations contained in the 

* There may fame Interest Ln Kcplcr’4 awti itntenKnt of tht 
law; "Rn cat certiuiniA cxactl^lciiflquv, quod proportloDLa quae 
cat inter binonun qu^minqiie planclaruoi tempera pcrtodlcB, att 
praedae aeaqulaltcra prape^onla tnediarum dtatantlaruTiiri id rat 
orbi um ipsoruTn.”—ffrrmtoMy of thi Bock Vchapter lii^ 
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Mysttfium Ceimst^aphi^ir^i and most of ih* rest is filled 
with worthless analogies between the proportions of the 
solar system and the relations between various musical 
scales. 

lie i$ bold enough to write down in block and white the 
music of the splterea " (in the form shewn in fig. 6a), while 
the nonsense which he was capable of wnting may be 
further illustrated by the remark which occurs In the same 
part of the hook i ** The Earth sings the notes M I, I’ A, lM 1 , 
so that you may guess from them that In this abode of ours 
Misery {fnis^rta) and FjAraine (famts) prerail." 

145. The Kpitoms 0/ the Copermean Aitron&my^ which 
appeared in parts in 161S, 1620, and 1621, although there 
are no very striking discoveries in It, is one of the most 
attractive of Kepler's bocks, being sitigulaily free from the 
extrav^agances which usually render his writings so tedious. 
It contains within moderately short conipoas, in the form 
of question and answer, an account of isUonomy as known 
at the lime^ expounded from the Coppernican standpolntr 
and embodies both Kepler's own and Gablet's latest dis¬ 
coveries, Such a lext-t^k suj^llcd a decided want, and 
that this was recognised by enemies as well as by friends 
was shewn by its prompt appearance in the Roman Index 
0f Prohibited Books chapter vi., &§ 126, 132). The 
Epitome Contains the first clear statement that the two 
fundamental laws of planetary motion established for the 
case of Mars ($ 141) were true also for the other planets 
(no satis&clory proof being, however^ given), and that they 
applied also to the motion of the moon round the earth, 
though in this ease there were further irregularities which 
complicated maitcrs. The theory of the moon is worked 
out in considerable detail, both cvection (chapter it., § 4S) 
and variation (chapter ill,, § 60; chapter V-, § Jii) being 
fully dealt with, though the '^annual equation” which 
Tycho bad just begun to recogni^ at the end of his life 
(chapter V., § rit) is not discussed. Another interesting 
development: of hU own discoveries is the recognition 
that his third law of planetary motion applied also to 
the movements of the four satellites round Jupiter, os 
recorded by Golitei and Simon Marius (chapter vi., § 11£). 
Kepler also introduced in the Epitome a considcmblc 
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improvernent in the cusiom-iry egtiniiite of the distmce of 
ihc earth from the auoj, from which those of the other 
plitrtcU couM at once be dttJucedr 

If, as had been generally believed since the time of 
Hipparchus and Ptolemy, the distance of the sun were 
1,200 times the radius of the eaith, then the parallax 
(chapter 11., §§43, 49) of the snn would at tim^ be as 
much as 3', and that of Mars, which in some positions is 
much nearer to the earth, proportionally larj^er- But Kepler 
haid Ijecn unable to detect stny parallajt of Mars, and there¬ 
fore inferred that the disUmccs of Mars and of die sun 
must be greater than had been supposotL liaving no 
exact data to go on, he produced out of his imagination 
and his ideas of the harmony of the solar system a distance 
about three times as great as the traditional one* He 
argued that, as the earth was the aljode of measuring 
creatures, it was reasonable to expect that the measurements 
of the solar system would bear some simple relation to the 
dimensions of the earth. Accordingly he assumed that 
the volume of the sun was as many times greater than the 
volume of the earth as the distance of the sun was greater 
than the radius of die earth, and from this quaint assumption 
deduced the value of the distance already stated, which, 
though an improvement on the old %-alue, was still only 
about one-seventh of the true distance. 

The EpitQffit contains also a good account of eclipses 
IxJth of the sun and moon, with the causes, mctms of 
predicting them, etc. The faint Hght (usually reddish) with 
which the face of the edipsed moon often shines is correctly 
explained as being sunlight whleh has passed through 
the atmosphere of the earth, and has there been bent from 
a straight course so as to reach the moon, which the light 
of the Sun in general is, owing to the interposition of the 
earth, unable to reach. Kc{^er mentions also a ring of 
light seen round the cclips^ sim in 1567, when the 
eclipse was probably total, not annular (chapter u., § 43), 
and ascribes it to some sort of luminous atmosphere round 
the sun, referring to a description in Plutarch of the same 
appearanoe. This seeins to have been an early observation, 
and a rational though of course very imperfect explanation, 
of that remarkable solar envelope known as the ooTona 
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which has attracted so much attention in the linst half- 
century {chapter Xlii.,, § joi)- 

146. The treatise on Cotneis (1619) contained an account 
of a comet seen in 1607, afterwards fatuous as HaLlej^^s 
comet (chapter X., $aoo), and of three comets seen in 
Following Tycho, Kepler held firmly the view that comets 
were celestial not terrestrial bodies, and accounted for their 
appearance and disappearance by supposing that they moved 
in straight lines, and therefore after having once passed 
near the earth receded iitdefinitely into space i he does 
not appear to have made any serious attempt to test this 
theory by comparison with observation, being evidently 
of opinion that the path of a body which would never 
reappear was not a suitable object for serious study, lie 
agreed with the observation made by Fracastor and Apian 
(chapter in., $69) that cocnets' tails point away from the 
sun, and explained this by the supposition that the tod is 
formed by rays of the sun which penetrate the body of 
the comet and carry away with t hem some portion of its 
substance, a theory which, allowance being made for the 
change in otir views as to the nature of light, is a curiously 
correct anticipation of modem theories cf comets' tails 
(chapter xijl,§304). 

In a book intended to have a popular sale it was 
neceisaiy to make the most of the meaning" of the 
appearance of a comet, and of its infiucnce on human 
ajfoirs, and as Kepler was writing when the Thirty Vears' 
War had just begun, while religious persecutions and wars 
had been going on in Europe almost without interruption 
during his lifetime, it was not difficult to find sensational 
events which had happened soon after or shortly before 
the appearance of the comets referred to. Kepler himself 
was evidently not inclined to attach much importance to 
such coincidences 1 he thought that possibly actual contact 
with a comet's [ail might produce pestilence, but beyond 
that was not pirepared to do more than endorse the pious if 
somewhat neutral opinion that one of the uses of a comet is 
to remind us that we are mortal. His belief that comets are 
very' numerous is espressed in the curious form: There 
are as many arguments to prove the annual motion of the 
earth round the sun as there are comets in the heavens," 
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147* Mc3,nvrhiie liepkr^s ptwiticm at Linz had become 
more and moie uncomfoTtable^ owing to the nsing tide 
of the religious and political dtstuibances which dually 
led 10 the outbreak of the 'rhirty Years’ War in idjg; but 
notwitbitanding this he had refused in 1617 an offer of 
a chair of mathematics at ItolognUt partly through attach- 
ment to his native country and partly through a well-founded 
distrust of the Papal party in Italy* 'Hiree years afterwards 
he rejected also the overtures made by the £ngli!ih 
nmlxissador, with a view to securing him as an ornament 
to the court of James L, one of his chief grounds for refusal 
in this case being a doubt whether he would not sulTcr 
from being coop^ up within the limits of an island. 
In i&iij the Emperor Iiilatthias died, and was succeeded 
by Ferdinand IL, who as Archduke had started the perse- 
cution of the Protestants at GraU (§ ijj) and who had 
few scientific interests. Kepler wa,^ however, after some 
delay, confirmed in his appointment os lm()eriil Mathe¬ 
matician. In iG»o Linz was occupied by the Imperialist 
troopS;, and by Jhsh the oppression of the proleshmts by 
the Roman Catholics had gone so far that Kepler made 
up his mind to leave, and,, after sending his family to 
Regensburg, went himself to Ulm* 

148. At Ulm Kepkr published his last great work* 
Per more than a quarter of a century he had been 
steadily working out in detail, on the basis of Tycho^s 
observations and of his own theories^ the motions of the 
heavenly bodies, expressing the results in such convenient 
tabular form that the determination of the place of any 
body at any required time, as well as die investigation, 
of other astronomical events such as eclipses,, became 
merely a manor of oalculation accord! to fixed rules; 
this great undertaking, in some sense the summing up of 
his own and of Tycho's work, was finally published in ifi^3!7 
as the Ruds!phint Tublts {the name being given in honour 
of his former patron], and renvained for something like 
a century the standard astronomical tables. 

It had long been Kepler's intention, after finishing the 
tables, to w^rite a complete treatise on astronomy, to he 
called the jVWtf Aimayesi-i but this scheme was never fairly 
started, much less cajried out. 
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149. After .1 nutnber of unsuccessful nitempts to secure 
the arrears of his saJary, he wlis lold to apply to U^allensiein, 
the firaous Impcralist gcncmlH then tstabTiahed in Sitesia 
in a senoi-indef^denE position, who was keenly interested 
in astrology and Usually took about with him one or more 
reprcscniati^ of the art. Kepler accordingly joined 
Wallenstein in rdaS, and did astrology for him, in addition 
to writing some minor astrc^omical and astrological treatises. 
In 1S50 he trail died to Regensburg, where the Diet was 
then sitting, to press in person his claims for various arrears 
of sdary; but, worn out by ar>?duty and by the fatigues of 
the journey, he was seized by a fever a few day-a after his 
arrival, and died on Novemb^ j^th (s.s.), ifitou in his <oih 
year. 

The inventory of his property, made after his death, 
shews that he was tn possession of a substantial amount, 
so that the cETect of extreme poverty which his letters 
convey must have been to a considemble extent due to bis 
over ■anxious and excitable tempcranient. 

150. In addition to the great discoveries already men¬ 
tioned Kepler nmde a good many mirror contributions to 
astronomy, such as new methods of finding the longitude, 
and various itnprov^ements in methods of ctdcularion required 
for astronomical problems. lie also made speculations of 
!wme Jriterest as to possible causes underlying the known 
celestial motions.^ Whereas the Ptolemaic system required 
a number of motions round mere geometrical points, centres 
of epicycles or eccentrics, equants, etc., unoccupied by any 
real Irod)^ and many such motions were still required by 
Cop^nicus, Kepleris scheme of the solar system placed a 
real bwly, the sun, at the most important point connected 
With the path of each planet, and dealt similarly with the 
moon's motion round the earth and with that of the f<Hir 
satellites round Jupiter. iMotiona of revolution came in 
fact to be assocJited not with some central p<>int but with 
Mme central Arnffy, and it became therefore an Inquiry of 
interest to ascertain if there were any Connection between 
the motion and the central body. The property possessed 
by a magnet of attracting a piece of iron at s<jmc little 

it suggested a possible analt^’ to Kepler, 
who had read with care and was evidently impressed by 
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tbe tHi.itisc On iht M^ignet (Pe yfagpett) P^ishecl in 
iftao by trtJr ccmniryiHin WiUitim GUbtrt of Colchester 
(ic4^>-i6o3). He sOEECsted that the planc^ might thus 
be regarded as connected with the sutit and uiererore as 
sharing lo some extent the sun^s own tnolion of revolution. 
In other words, a certain carrying vhiuc' spread out 
from the sun, with or like the rays of light and beat, and 
tried to carry the planets ronntl with the sun. 


" There ifi there¬ 
fore a conflict be- 
liA'ccn the carrying 
power of the sun and 
the impotence m- 
material sluggishness 
{intrtid^ of the 
planet: each etv|tiys 
some measure of 
victory', for the former 
moves ihe plunet 
from its position and 
the latter frees the 
planet's body toaoiPE 
extent from the bonds 
in w'hich it is thus 
held, .. . but only to 
be captured again by 
anolhcr partion of 
this rotatoiy virtue-*** 

The annexed 
diagram is given 
by Kepler in illustration of this rather confused and vague 
theory. 

He believed also in a more general ** gravity," which he 
defined f as a mutual bodily affection between allied bodies 
lending towards their union or junctiDn^** and regarded the 
tides as due to sn action of this sort between tlie moon and 
the water of the earth. But the specuktive ideas thus 
thrown out, which at is possible to regind as anticipations 
of Newion’b discovery of universal gravitation, were not in 
any way developed logically, and Kepler's mechanical ideas 
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■iH-cre too itnperrcct for liim to tmve made real progress in 
this dinectiom 

151. There are few aslronomers about whose merits such 
different opiniDiis have been held as about Kepler^ There 
is, it h true, a general agreement as to the ^eat import¬ 
ance of his three taws of planetary motion, and as to the 
substantial value of the Rudotphint Tabks and of various 
minor discoveries. These reautla, however, fill but a small 
part of Kcpleris voluminous writings, which me encumbered 
with masses of wild speculation, of mystic and occult 
fancies, of astrology, weather prophecies, and the like, which 
arc not only worthless from the standpoint of modern 
astronomy, but which—unlike many cirontous or imperfect 
speculations—in no w^ay pointed towards the direction in 
which the science was nert to make progress, and must 
have appeared almost as unsound to sober-minded con- 
temporaries like (^lilei as to us. Hence as one reads 
chapter after chapter without a lucid stiU less a correct idea, 
it is impossible to refrain from regrets that the intelligence 
of Kepler should have been so wasted, and it is di^cult 
not to suspect at limes that some of ihe valuable results 
which lie imbedded in this great mass of tedious specuki- 
lion were arrived ai by a mere accident* On ihe other 
hand, it must not be forgotten that such accidents have a 
habit of happening only lo great men, and that if Kcj^er 
loved lo give reins to his imaginaiion he was equally im¬ 
pressed with the necessity of scrupulously comparing 
speculative results with observed facts, and of surrendering 
without demur the most beloved of his fancies if it was 
unable to stand this test If Kepler had burnt three- 
quarters of what he printed, we should 'in all probability 
have formed a higher opinion of his intellectual grasp and 
sobriety of judgment, but we should have tost to a great 
extent the impression of cxiraordiry^ enthusiasm and 
industry, and of almost unequalled Iniellcctua] honesty, 
which wc now get from a study of his works. 


CHAPTER VIIL 


FROM GALILEI TO NEWTON, 

** Aitd now the teleitCOpc, the 
By which they venture heuven itself t^asssil, 

Wa« rmiBcd^ and planlcd full igninst the moon,'' 

Hutfitraa 

153, Between the publkhitioti of GAlilci'S 
Pettits (1638) and that of Newton's Pfifujfiia (1687) a 
penod of not quite half a century elapsed ; during this 
interval no astronomical discovery of first-rate importance 
was published, but steady progress was made on lines 
already laid down. 

On the one hand, while the impetus given to exact observa¬ 
tion by Tycho Brahe had not )'et spent itself the invention 
of the telescope and its gradual improvement op^ened out an 
almost indefinite field for possible discovery of new celestial 
objects of interest. On the other handt the rcmarkaljle 
character of the three laws in which Kepler had summed 
up the leading characteristics of the planetary motions 
could hardly fail to suggest to any intelligent astronomer 
the question ieAj> these particular laws should hold, or, in 
other words, to stimulate the inquiry into the possibility of 
shewing them to be necessary consoquences of some 
simpler and more fundamental law or laws, while Galilei's 
researches into the laws of motion suggested the possibility 
of establishing some connection between the causes under¬ 
lying these celestial motions and those of ordinary terrestrial 
t^jects. 

153. It has been already mentioned how closely Galilei 
was followed by other astronomers (if not in some cases 
actually anticipated) in most of his telescopic discxiveHes. 
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To his Tivai Christopher Scheincr (chapEer vi., §§ 124, 115) 
belongs the credit of the discovery of bright cloud-like 
objects on the sun, chiefly visible near its edge, and from 
their brilliaucy nami^fbcuW (little torches). Scheiuer mnde 
also a very extensive series of observations of the motions 
and appearances of spots. 

The study of the surface of the moon was carried on 
with great care by Jithn Httfei of JJatiEig (1^11-1637), who 
published in 1647 his or description of the 

moon, magnihcently illustrated by plates engntvod as well 
as drawn by himself. The chief features of the moon— 
mountains, craters, and the dark spaces then believed to be 
seas—were systematically descrilxd and named, for the 
most jjari after comesponding features of our own earth. 
Hevers names for the chief mountain ranges, the 
Aj>e»»infS and the and for the seas, c.f. A/are 

Suftfftfitiit or Tacihe Ocean, have lasted till to-day; but 
similar blames given by him to single mountains and craters 
have dieappeared, and they arc now called after various 
distinguuihed men of rxicnce and philosophers, e.jf, P/ii/a 
and Coppirnlatit in accordance with a system introduced 
by Jahn Buptht MkdoU (1598-1671) in his bulky treatise 
on astronomy called the Ntiv Aimoignt (>651). 

Ilevcl, who was an inde^tigablc worker, published two 
large books on comets, Pn^dr(f^ms Cti/wf/fifwf (1654) and 
Cifmeioprapkia containing the first systematic account 

of all recorded cornels. He constructed also n catalogue 
of almut 1,500 Stars, observed on the whole with accuracy 
rather greater than Tycho's, though still without the use of 
the telescope; he pubhahed in Edition an improved set 
of tables of the sun, and a variety of other Calculations and 
observations. 

154. The plarkcLs were also watched with interest by a 
number of ot^vers, who detected at different times bright 
or dark markings on Jupiter, iMars, and Venus. The two 
appendages of ^tum which Galilei had discovered in 1610 
and had been unable to see two years later (chapter vi., § 12 j) 
were seen and described by a number of astronomers 
under a perplexing van'etj- of appearances, and the mystery 
was only unravell^, nearly half a oeniury offer Galilei’s first 
observation, by the greatest astronomer of this period, 
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ChristUian ffuygiru (1619-1695)* a native of the HLigHii. 
Huj^genif possess£<l reraarkaljlc ability* both pfacikal and 
theoretical, in several dilTcrcnt directions, and his contribu' 
tions to astionorfiy were only a small part of his services 
to science- Having acquired the art of grinding lenses 
with unusual accuracy, he was -ible to construct telescopes 
of much greater power than his predecessors. By the help of 
one of these instruments he discovered in 1655 a satellite of 
Saturn {Titany iV'kh one of those remnants of mediaeval 
mysticism from which even the soberest minds of the century^ 
freed themselves with the greatest difficulty* he asserted that* 
as the total number of planets and satellites now' reached the 
perfect number la, no more remained to be discovered—a 
prophecy which has l>een abundantly falsified since (§ 160 ; 
chapter xti-* §§ as5,155 j chapter xiin, §§ aS9, 1941 

Using a still finer telescope, and aided by bis acuteness 
in interpreting his observations, Huygens made the much 
more interesting discovery that the pu^tzling appearances 
seen round Saturn were due to a thin ring (fig- 64) inclined at 
a considerable angle (estimated by him at jr') to the plane 
of the ecliptic, and therefore also to the plane in which 
Saturn’s path round the sun lies* This result was first 
announced—accord ing to the curious custom of the time— 
by an anagram* in the same pamphlet in which the dis¬ 
covery' of the satellite w'os published, Ztc Sij/urrft Luna 
Ohfrvafio JVmj (1656); and three years afterwards (1659) 
the larger Sjs/i^rna appeared, tn which the in¬ 

terpretation of the anagram was given* and the v'arying 
aptiearanccs seen both by himself and by earlier observers 
were e^tpUined with admirable tuetdity and Thoroughness. 
'I’he ring being extremely thin is invisible either when 
its edge is gwesented to the observer or when it is pre¬ 
sented to the sun* because in the latter position the ri^^t 
of the ring catches no fight. Twice in the course of 
Saturn's revolution round the sun (at h and ti in fig. 66)* 
fr, at intervals of about 15 years, the plane of the ring 
passes for a short time through or very close both to the 
earth and to the sun, and at these two periods the ring is 
consequenUy invisible (fig- 65). Near these positions (as at 
q, R* 5, t) the ring appears much foreshortened, and pre¬ 
sents the appearance of two arms projecting from the liody 



Ftc, 64. —m drawn by Huy^nk Fr^m iht 
SystttKa Satuntium. 
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of Saturn; farther oif still the ring appears wider and the 
opening become.'^ visible; and about seven year;; before 
and after the periods of invisibility (at a and c) the ring 
js seen at its widest Huygens gives for comparison with 
his own results a number of drawings by earlier observers 
(reproduced in dg, 67)^ front which it ntay be seen how 
near some of them were to the discovery of the ring, 

155, To ou r countrj'man IVi/tinro (1611 ? - 1644) 
is due the first recognition that the telescope could be utilised^ 
not merely forobscrvilri.g geiaerally t he appearances of celestial 
bodiest but also as an instrument of precision, which would 
^ive the directions of stars^ ctc-t with greater accuracy than 
IS possible with the naked eye, and would magnify small 
angles in such a way as to facilitate the tneasutement 
of angular distances between neighbouring stars^ of the 
diameters of the planets, and of similar quantiticsr Ho was 
unhappily killed when quite a young man at the battle 
of Marston Moor (1644), but his letters, published many 
years afterwards shew that by 1640 he was familiar with 
the use of telescopic " sights,” for determining with 
accuracy the position of n star, and that he had constructed 
a so<alied mlerameter * with which ht was able to measure 
angles of a few seconds. Nothing was tnow'n of his dis* 
covcrics at the lime, and it was left for Huygens to Invent 
independently a micrometer of an inferior kind (i<Ss3), and 
for Adritn .d'u 5 (™/(?-i 69 i) to introdiJcc as an improvement 
(about 1666) an Insiniment almost identical with Gascoigne's. 

The systematic use of telescopic sights for the regular 
work of an observatory was first introduced about r667 by 
Auzout’s friend and colleague Jtan Fiturd (ifiao-idSs). 

156. With Gascoigne should be mentioned his friend 

jtremiah Id^yrrocks (ifijy who was an enthusiastic 

admire of Kepler and had made a considerable improve¬ 
ment in the theory of the' moon, by taking the elliptic orbit 
as a basis and then allowing for various utegularitics. He 
was the first observer of a transit of Venus, Lc. a passage 
of Vertus over the disc of the sun, an event which took 
place in 1639, contrary p the prediction of Kepler in the 
Jiodofphittf TJriWtf, but in accordance with the rival tables 


‘ SubstintiaJly Xhi jiitir fujcroHutir cf modern afitr^naitiy. 


ii ijs-isSl GaseeigNCf Horroikij Huy^fn soj 

of Phiiipt tfan Zan^r^ which Horrocks had 

verified for the purpose. It was not, however, till long 
afterwards that Halley pointed out the importance of the 
transit of Venus as a means of aaceriaining iKe distance of 
the stm from the earth (chapter x., § 202), It is also worth 
noticing that Horrocks suggested the possibility of the 
irregularities of the moon's motion being due to the disturb¬ 
ing action of the sun, and that he also had some idea of 
certain, irregularities in the motion of Jupiter and Saturn^ 
now known to be due to their mutual attraction (chapter 
§ 304 ; chapter xi., § 343), .... 

157. Another of Huygens’s discoveries revolutionised the 
art of exact astronomi^ observation- This was the inven¬ 
tion of the pendulum-clock (made 16561. patented in 1657). 
It has been already mentioned how the same discovery 
was made by Burgh virtually lost (see chapter v., § gS); 
and how Gi^ilet again introduce the pendulum as a time- 
measurcr (chapter vi., § 114). Galilei's pendulum., bowi'cvcr, 
could only be used for measuring veiy short times, as there 
was no mechanism to keep it in motion, and the motion 
soon died away. Huygens attached a pendulum to a clt^k 
driven by weights, so that the clock kept the pendulum going 
and the pendulum regubted the dock.* Henceforward 
it was possible to take reasonably accurate time-observa¬ 
tions, and, by noticing the interval Ivetwcun the passage 
of two stars across the meridian, to deduce, from the known 
rate of motion of the celestial sphere, their angular dist^oe 
east and west of one another, thus helping to fix the position 
of one with respect to the other. It was again Picard i 5 S) 
who first recognised the astronomical importance of this 
discovery, and introduced regular time-observations at the 
new Observatory of Paris. 

153, Huygens was not content with this practical use 
of the pendulum, hut worked out in his treatise called 
Osd//aioriurn I/arvhff'unt or TAi Ptndul^ifi Cia^k (^675) a 
numl^r of important results in the theory of the pendulum, 
and in the allied problems connected with the motion of 
a body in a circle or other curve. The greater part of these 

* Gnlitci, nt of his lifr, Apprju? to IlnVO tbou^t of <^Clll.t^iv^ 

4 pcndulura with clockwork, bul IhcTt i* no saliafiiclory tvidcncc th*t 
he ever curled out the idv4. 
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LnVKtigations lie outside the field of astronomy'j but his 
rormulu connecting^ the time of osciElation of a pendulum 
with its length and the iniensttjf of giavity* (ori in other 
wordst the rate of falling of a heavy mdy) aflbrded a prac¬ 
tical means of measuring gravity, of far greater accnra<^’ 
than any dErcct ejjperiments on falling bodies; and bis 
study of Circular motion, leading to the result that a b<(dy 
moving in a circle must be acted on by same force tavmrds 
the rt-iffr?, the magnitude of which depended in a definite 
way on the speed of the body and the aixe of the circlc^t is 
of fundamental importance in accounting for the planetary 
niotions by gravitation^ 

15^. During the 17th cenLury also the first measurements 
of the earth were made which were a definite advance on 
those of the Girechs and Arabs (chapter ii., §§ 36, 45, 
and chapter iitr, § 57). WilUhrord Smil (1591-1626), best 
known by his discover^' of the law of refraction of light, 
niade a series of measurements in Holland in 1617, from 
which the length of a degree of a meridian appeared to be 
about 67 mites, an estimate subsequently altei^ to about 
61; miles by one of his pupils, who corrected some errors 
in the caEculationa, the result being then within a few 
hundred feet of the value now^ accepted* Nest, Rkhard 
Afflr«r,W(i59o ?-i 675) measured the distance from Ijondon 
to York, and hence obtained (1636) the length of the 
d^ee with an error of less than half a mile. Lastly, 
I'icard in 1671 eseculcd some measurements near Paris 
leading to a result only a few yards wrong. The length 
of a degree being known, the circumference and radius of 
the earth can at once be deduced. 

160. Auzont and Pkard were two members of a group 
of observational astronomers working af Paris, of whom the 
best know n, though probably not really the greatest, was 
Giciisinm Difmtnint Caskni (1635-1713). Bom in the 
north of Italy, he a^uired a great reputation, partly by 
some rather fantastic schemes for the cdnstrucliori of 
gigantic instruments, partly by the discovery of the rotation 

“ Jn tnodern noLstma; of oadllKtion 

t /.#. heabtmtnrd IIk CLnuliar forrtiulji an,4 sfvtmt c^tuivik-nE 
r^rcBs for 
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of Jupiter (1665^ of Mars (1666), and possibly of Venus 
(i 66 j\ and also by his ubJes of the motions of Jupiter's 
moons {i 663 ). The last caused Picard to procure for him 
nn invitation from Louis XIV. (1669) to come to Paris 
and to exercise a general superintendence over the Obser¬ 
vatory, which was then being huiU and was substantially 
completed in 1671. Cassini was an induairious observer 
and a voluminous writer, with a fcmarkable talent for 
impressing the scientific public as well as the Court He 
possessed a strong sense of the importance both of himself 
and of his work, but it is more than doubtful if he had as 
clear ideas as Picard of the really important pieces of work 
which ought to be done at a public observatory, and of 
the way to set about them. But, notwithstanding these 
defects, he rendered valuable services to various departments 
of astronomy. He discovered four new satellites of Saturn : 
/afiiSus in 1671, in the following year* Bioitf and 

TAgiis in ifJSa; and also noticed in rd?^ a dark marking 
in Saturn's ring, which has suhacquenlly l!>een more dis¬ 
tinctly recognised as a diviston of the ring into two, an 
inner and an outer, and is known as Cassini s division 
(see fig. 9S facing p. 384^ He also improved lo some 
eKteni the theory of the sun, calculated a fresh table of 
atmospheric refraction which was an improvement on 
Kepler’s (chapter vii., § rjS), and issued in a fresh set 
of tables of Jupiter’s moons, which were much mote accurate 
than those which he had published in i 6 *S, and much the 

best tJtistlng. , r n- j ■ 

[6t. It was probably at the suggestion of Picard orCasauu 

that one of their fellow iistranomcTS,y()^n .ffrV/ir/- 
otherwise almost unknown, undertook (1671 “■3) a^Kicotific 
expedition to Cayenne (in latitude 5* N-)- Two im^riant 
results wCfC nititnkflgd, li H'lks foiind thiit 3 pcnd-ulmn of 
given length beat more slowly at Cayenne than at i^aris, 
thus shewing that the intensity of gravHly was less near the 
equator than in higher latitudes. This fact suggested that the 
earth was not a perfect sphere, and was afterwards used in 
connection with theoretical investigations of the ptfblej^ ot 
the earth's shape {cf+ chapter iJt-, 5 rSjf)' Again, Riuiers 
observations of the position of Mara in the sky, combined 
with observations taken at the same time by Caisrni, Picard, 
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and oihcre m France, led to a reasonably accurate estimate 
of the d^tance of Mars and hence of chat of the sun. 
Mare was at the time in opposition (chapter ii., S41I so 

that it was nearer to the earth 



Fie. 60 .—H»ti in opposirtoni 


than at other times (as shown 
in fig, 6S), and therefore 
favourably situated for such 
ohservations. The principle 
of the method is extremety 
simple and substantially iden¬ 
tical with that long used in 
the case of the moon (chap- 
ter II,, 549), One observer 
is, say, at Paris (i^, in fig. 69), 
and observes the direction in 


woicn Mars appears, the 
direction of the line PM: the 
mher at Caye^e (c} observes similarly the direction of 
tne line cw. The line c p, joining Paris and Cayenne, is 
JtiKJwn geographically j the shape of the triangle C P m and 



the 


the length of one of its sides being thus known 
iei^ths of the other sides arc readily calculated, 

Ihe result of an investigation of this sort is often mosi 
conveniently expressed by means of a certain angle, 


f itSi] 


Pturailax 
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which the disUncc in terms of the mdius of the earthy and 
hence in milcsj can readily be deduced when desired- 

'^rhe pamUa^c of n heavenly body such as the moorit the 
sun^ or a planet^ l>eingin the hr^t ■nst.'uice defined generally 
(chapter ik^ § 43) as the angle (o >1 p) between the lines 
joining the heavenly body to the observer and to the 
centre of the earth, varies in general with the position of 
the observer. It is evidently greatest when the observer 
is in such a position^ as at Q, that the line g touches the 
earth ; in this position m is on the ol>serv'cr's horizon. 
Moreover the angle D Q \[ being a right angle,, the shape 
of the triangle and the ratio of its sides arc completely 
known when the angle OMg is known. Since this angle 
is the jiaratlvta of when on the observer’s horizont it is 
called the horizontal parallax of m, but the word horizontal 
is frequently ouiitied^ It is easily seen by a figure that 
the more distant a body is the smaller is its horizontal 
paraltaK; and with the small parallaxes with which we are 
concerned in astronomy, the distance and the horizontal 
parallax can be treated as inver-sely proportional tq one 
another i sg that if, for example^ one body is twice as 
distant os another, its parallax is half os great, and so om 

It may be convenient to point out here that the w’ord 
para] lax " is used in a dilTerent though analogous sense w'hen 
a fixed star is in question. The apparent displacement 
of a fixed star due to the carth^s motion (chapter iv., §^ 93), 
which was not actually detected till long ofterwar^^ 
(chapter xiii., § zyS), is called ajmnol or Btdl&r paraUu 
(the adjective being frequently omitted) ] and the name 
is applied in particular to the greatest angle between the 
direction of the star os seen from the sun and as steti from 
the earth in die course of the ycaT+ If in fig. 6p we regard 
M as representing a star, o the sun, and the circle as being 
the earth’s path round the sun, then the angle om q is the 
annual parallax of m. 

In this particular case Casudni deduced from Kicher's 
observations, by some rather doubtful processes, that the 
sun's parallax was about corresponding to a distance 
from the earth of about 37,000,000 miles, or about 3(k> 
times the distance of the moon, the most probable >’alue, 
according to modem estimates (chapter xiii., § ZS4X beitrg 
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;i little less than Though not really an oicctirate 

refttiTt, this was an enormous improvement on anything 
that had gone before, as Ptolemy's estimate of the sun^s 
distance^ corresponding to a poiailax of 3', had survived 
up to the earlier part of the 17th century, and although 
tt vras generally wlieved to be seriously wrongj most 
corrections of it had been purely conjectural {chapter vii, 
*4S)- 

163. Another famous discovery associated with the early 
days of the Paris Observatory was that of the velocity 
of light. In 1^71 Picard paid a visit to Denmark to 
cKimine what was left of Tycho firahe^s observatory at 
Hveen, and brought back a young Danish astronomer, 
OlausR^mtr (i 644 -t 7 (o),toheJphiinatParis. Roemer, 
in studying the motion of Jupiter's moons^, observed U 6 -jz) 
that the intervals between successive eclipses of a moon 
(the eclipse bcinc caused by the passage of the moon into 
Jupiter’s ahadowj were regularly less when Jupiter and the 
earth were approaching one another than when they were 
rccedir^, ^This he saw to be readily explained by the 
suppostuon that light travels through space at a definite 
though very great speed. Thus if Jupiter is approaching 
the earth, the time which the light from one of his moons 
takes to reach the ear^ is gradually decreasing, and con¬ 
sequently the interval between suceessiv>e eclipses as seen 
by us IS apparentEy diminished. From the difference of 
Uie intervals thus observed and the known rates of motion 
of Jupiter and of the earth, it was thus possible to form a 
rough eshmate of the rate at which light travels. Roemer 
^o made a number of instrumental improvements of 
impo^ce, but they are of too technical a 'character to 
be discussed here. 


163. One great name belonging to the period dealt with 
in the cl^pier remains to be mentiom^ that of 

{159^1650), Although he ranks as a great 
philosopher, and also made some extremely important 
advanres m pore mathematics, his astronomical iritmss 

respects positively harmful 
In his {1644) he gave, among 

some wholly erroneous propositions, a fuller and more 

- A]» frequently referred to by the t^Un niiac CVwfe^Wj. 
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ccri^ral £tat«mcnt of the first law of motion discovered 
by Galilei (chapter vi., §§ 133), but did not support it 

hy any evidence of value- The same book contained an 
eapofiitEon of his famous thcoiy of vortices, which was an 
attempt to explain the motions of the bodies of the solar 
system by means of a certain combination of vortices or 
eddics- The theory was unsupported by any experimental 
evidence^ and it was tioi formulated accurately enoug;h to 
be capable of ^ being readily tested by comparison with 
actual observation \ and, tinlilce many erroneous theories 
(such as the Greclt epicycles), it in no way led up to 
or suggested the truer theories which followed it But 
** Cartesianismj"'both in philosophy and in natural science, 
became extremely popular,, especially in France, and its 
vogue contributed notably to the overthrow of the authority 
of Aristotle, already shaken by thinkers tike Galilei and 
Bacon, and thus rendered men's minds a little more ready 
to receive new ideas z Ln this indirect way* os well as by 
his mathematical discoveries, I^escaxtes probably con- 
tributed something to astronomical progress. 


CHAPTER IX. 

UMVEKSkAL CJtAVITATlON* 


" Nftlure &qd Nature's laws la]r faid in nitht i 

uid * Let Newton be]' and all Wjls llKht.^ 


164. NEwtON^s life may be cdnvchiently divided into Lhree 
portions. First came 3i yeart (1643-1665) of boyhood 
and undergraduate life; then followed hi^ great productive 
period^ of almost exactly the same length, culminating in 
the publicatian of the Priadpia in 16S7 ; while the rest of 
his life (1687-1727), which lasted nearly as long as the 
other two periods put together, was largely occupied with 
odkial Work and studies of a non-sdenttfic character, and 
was marked by no discoveries ranking with these made 
in his middle period, though some of his earlier work 
received important developments and several new results 
of decided interest were obtained. 

165. Isaac Newton was born at VVoolsthorpe, near 
Grantham, in Lincolnshire, on January 4th, 1643;* this 
was vety nearly a year after the death of Galilei^ and a 
few months after the beginning of our Civil Wars. His 
taste for study does not appear to have developed very' 
early in life, but ultimately became so marked that, after 


• Accord rti« 10 Ibc unrefciniied calcndir (O.^) then in use in 
En^nd, ihc ditc wu Chritiniu Diy, To bctliuto CoiBiMrlton 
with ovchtm DCCurriiDS atit of Englaad, i hiVe used itreueboin this 
and the foliowioK ehaptcre the Cre^riiin Cnjeodir (N.S,>, which 
■t this time adopted in » Jerigc part of the Contincnl fcL ehiirfc 

I as)- 
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(cL chiptcT ti,, 
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some unaijcccssful aLLempts to turn him inlo a farmer, he 
•wEis entered at Trinitjr- ColEege, Cambiidge, in 

Although prol>atjlj' at (irst railjcr more baclcp/ard than 
most undcrgtadnates, he made otiremcly rapid pragrc$$s 
in mathematics and allied subjects, and evidently gave his 
teachers some trouble by the rapidity with which he 
absorbed what lEttlc they knew. He met with Euclid's 
Elements of Geoincir}' for the first time while an under- 
gridiiate, hut is reported to have soon aliandoned it as 
being ‘'a trifling Ijiook,'' in favour of more advanced ri:adiiig. 
In January 1665 he graduated in the ordinary course as 
Bachelor of Arts. 

166. The eKtemal events of Newton's life during the 
next rz years may Ijc very briefly dismissed He was 
elected a Fellow in 1667, became in due course in 
the following year, and was appointed Lucasian iVofessor 
of Mathematics, in succession to his friend Isaac Barrow^ 
in Three years laler he was elected a Fellow of the 

recently founded Koyal Society. With the exception of 
some visits to his Lincolnshire home, he appear^ to have 
spent almffit the whole period in quiet study at Cambridge, 
and the history of hijs life is almost exclusively the history 
of his successive discoveries. 

Jii?* His scientific work falls into three main groups, 
astronomy (including dynamics), optics, and pure mathe¬ 
matics. I ie also spent a good deal of time on experimental 
work in chemistry, as well as on heat and other branches 
of physics, and in the latter half of his life devoted much 
attention to questions of chronology and theolo^gy; in none 
of these subjects, however, did he produce results of much 
importance. 

16S. In forming an estimate of Newton's genius it is of 
course ^partant to bear in mind the range of subjects 
with which he dealt j from our present point of view, how¬ 
ever, his mathematics only jiresems itself as a tool to l>e 
u^ in astronomical w'orlt; and only those of his optical 
discoveries which arc of Bsironomical importance need be 
mentioned here. In itj6S he constructed a rebooting 
telescope, that is, a telescope in which the rays of light from 
the object viewed art coneontmted by means of a curved 
mirrof instead of by a iens^ ^ in the reirfietiog tslescepes 
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of Gniilei and Kepler, 'retescoj^es on this principlej dilTer- 
ing however in some im^xirtiuti; partieuJnrs from Newton’sT 
had alread;^ been described in i66j by /turns Grt^ry 
{i6jS-i675j, whose ideas Newton was acquainted, but 
it does not app^ that Gregory had actuaily made an 
instrutnent. Owing to atechanical difficulties in construction, 
half a century ebpsed before reflecting telescopes wrcre 
made which could comiiete with the best refractors of the 
lime, and no important astronornical discoveries were made 
with them before the time of William Her^hcl (chapter xu,), 
more than a century after the original invention. 

Newton^s discovery of the effect of a prism in resolving 
a beam of while light into different colours is in a Ecnse 
the basis of the method of spectrum nnatysia (chapter xm-p 
§ ig^X to which so many astronomical discoveries of the 
last 40 years are due. 

169. 'J'ht ideas by which Newton is best known in each 
of his three great subjects—gravitation, his theory of 
colours, and fluxions—seem to ftave occurred to him 
and to liavc been partly thought out within less than two 
years after he took his dcgrecp that is before he was 34. 
flis own account-'—written many years afterwards^gives 
a vivid picture of his extraordioary mental activity at this 
time;— 


In the beginning of the year 1665 1 found the method of 
appt^imacijig Eyries and the Hiile for reducing any dignity of 
any uujomul into such a s^es. The saiue year in May I 
found the mc^od of langenis uf Gregory and Sluaiua, and in 
Wovemlw had ihe direct nicthod of Fluxtone, and the next 
year ja January had the Theory of Colour^ and in May folia wing 
I had entrance into the int^rac method of Fluxions. And the 
^ itravity exfonding lo the orb 

of the MooriH and liavihg found out ll0^v to estimaie the force 
wiffi which [a] globe revolving within a sphere presses the 
surface ^ the sphere, from Kcplei's Rxde cf thit periodicaJ times 
of the Planets ^ing m a sewuiaJtcmte proportion of ihcir 
distances fmm [fit oenter* of their arts I deduced that the 
forew which keep the Planets in their orbs must [bo] rTsriprocally 
as the aqiian^ of their distances from the centers about which 
tneymiolre, and thereby compared the force requisite to keen 
the Moon in her orb with the force of gravity st the stirfocc 
01 the eorth, and found them answer pretty nearly. All this 


ti ^6^ ijoi Mrti ,■ Gnwtiy 

\vlit in th£ pTaj^ic years of 1665 I666, for in those 

days I was in the prime of my flge lor invention^ and minded 
Malhematicks and PhlCPKtphy more ilisn at any tune since." * 

17a lie spent a considerable i^rt of this time 
]6&6) at 'VVoolsthorpCt on account of the prevalence of 
the plague 

The welhknovm stoty^ that he was set meditating on 
gravity by the fall of an apple in the orchard, is l^sed 
on good authority, and is perfectly credible in the sense 
that the apple may have reminded him at that particular 
time of certain ptoblcms connected with gravity* That 
the apple seriously suggested to him the cKistence of the 
problems or any key to their solution is wildly improbable, 

Several astronomers had already speculated on the 
•* cause ” of the known motions of the planets and satellites j 
that is they had attempted to esdiibit these motions as 
consequences of some more fundamental and more general 
Jaws. Kepler, as we have seen (chapter vii.^ | 150)^ had 
pointed out that the motions in question should not be 
considered as due to the influence of mere geometrical 
pointSt such as the centres of the old epicjTles, but to 
that of other bodies ; and in particular made some attempt 
to explain die motion of the planets as due to a special 
kind of influence emanating from the sun. He went, 
however, entirely wrong by looking for a force to keep 
up the motion of the planets and as it w'erc push them 
along. Galilct''s discovery that the motion of a body 
goes on indclinitely unless there is some cause at work 
to alter or stop it, at once put a new aspect on this as 
on other mechonital problems; but he himself did not 
develop his idea in this particular direction. 

Alfonso Berelii (1608-1679), ^ book on Jupiter's satellites 

published in 1666, and therefore about the time of Neivtcn’^s 
first work on the subject, pointed out that a body revolving 
in a circle (or similar curv'e) had a tendency to recede 
from the centre, and that in the case of the plartefs this 
might be supposed to be counteracted by some kind of 
aiiractlon towards the sun. We have then here the idea— 

* From « MS^ Mjnong the P«|taiini>iith Papers, qsotrd in the 
to the of thr PortatnoLiUi Pipen, 
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in a very indfstinct farm cemmiy—llint the laDtion of a 
planet is to be explained^ not by a force acting in the 
direction in which it is moving, hut by a force directed 
towards the son, that 13 about at right angles to the 
direction of the planet’s motion. Huygens carried this 
idea much further—though without special reference to 
astronomy — and obtained (chapter vnlx, § 158) a numerical 
measure for the tendency of a body moving in a circle 
to recede from the centre, a tendency which lud in some 
way to be counteracted if the body was not to Hy away- 
Huygens published his work in some years after 

Newton had ubtamed hi;; corresponding result, Ijul before 
he had published anything | and there can be no doubt 
that the two men worked quite independently. 

T71. Viewed as a purely general question, apart from 
its astronomical applicitions, the problem may M said io 

be to examine iinder 
what conditions a body 
can revolve wtth uniform 
speed in a circle^ 

Let A represent the 
position at a certain 
instant of a body which 
is revolving w‘Eih uniform 
speed ia a circle of 
centre o. Then at this 
instant the body is 
moving in the direction 
of the tangent a o to 
the circle. Conse* 
qucntly by Galileos Fir?t 
Fio. 70.—Motiott ih «circle. Law (chapter vi., 

55 ijoi 133), if left to 
Itself and uninfluenced by any other body, it would con¬ 
tinue to move with the same speed and in the same 
direction, i.e. along the line a Hi and consequently would 
be found after some time at such a point aa a. But 
^ually it IS found to be at 0 on the circle. Hence some 
influence must have been at work to bring it to 0 instead 
of to tr. But fi is nearer to the centre of the circle ^an 
tj is; hence some influence must be at work tending 
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constantly to draw the body totrards o, or countemcting 
the tendency which it has, in virtue of the First Law of 
Motion, to get tarther and farther away from t>. To 
express either of these tendencies nucncrically wc want a 
tnore complex idea than that of velocity or rate of TrotioHi, 
namely Bccelerqtioii or rate of change or velocity^ an idea 
which Galilei adde<l to science in his discussion of the 
law of falEing l>odies (chapter vi.j &§ Ji6j A falling 

body, for example, is moving after one second with the 
velocity of about 33 feet per secondr after two seconds 
with the Velocity of 64, after three seconds with the velocity 
of 96, and so on; thus in every second it galits a downward 
velocity of ja feet per second; and this may be expressed 
otherwise by saying ilvai the body has a downward accele¬ 
ration of 3j feet per second per second, A further in* 
vcsiigalion of the motion in a circle shews iliat the motion 
is Completely explained if the moving body has, in addition 
to its original velocity^ an acceleration of a certain magnitude 
iiireckd unfrt of iht drdtv It can be shewn 

further that the acceleration may be numerically expressed 
by taking the square of the velocity of the moving body 
(exfnessed^ say, in feet per second), and dividing this by 
the radius of the circle in feet. If, for example, the body 
is moving in a circle having a radius of four feet> at the 
rate of ten feet n second, then the acceleration towards 

the Centre Is ^ =j| a 5 feet per second per second. 

These results, with Others of a similar character, w'cre 
first published by Huygens—not of course precisely in this 
form "in his book on the FtJ^uiutn Cloik (chapter viii^, 
§ T58); and disoovercd indti>endently by Newton in 

If then a body is seen to move in a circle, i^ motion 
becomes intelligible if some other body can be discovered 
which produces this acceleration. In a common case, such 
as when a stone is tied to a string and whirled round, 
this acceleration is produced by the string which pulls 
the stone; in a spinning*!op the acceleration of the outer 
parts is produced by the forces binding them on to the 
inner part, and so on. 

171. In the most important eases of this kind which 
Occur in astronomy, a jilancE is known to revolve round 
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ihe sun. in a path which docs not differ much from a 
circle. If wc assume for the present that the path is 
actually a circle^ the planet must have an acceEcmticn to¬ 
wards the centre, and it is possible to attribute this to the 
induence of the central body, the sun. In this way anses 
[he Idea of aUributing to the sun the power of influencing 
in some way a planet which revolves round it, so as to 
give it an acceleration towards the sun; and the question 
at once arises of how this " influence " differs at different 
distances;. To answer this question Newton ntade use of 
Kepler's Third Law (chapter viJ., § M4). We have seen 
that, according to this law, the squares of the times of 
revolution of any tw^O' planets are praportional to the cubes 
of their distances from the sun; but the velocity of the 
planet may be found by dividing the length of the path 
it travels in its revolution round the stin by the time of 
the revolution^ and this length is again proportional to the 
distance of the planet from the sun. Hence the velocities 
of the two planets are proportional to their distances from 
the sun, divided l;y the times of revolution, and conse¬ 
quently the squares of the vetoeitiK are proportional to 
the squares of the distances from the sun divided by thu 
squares of the times of reveluttoti. Hence, by Kepler's 
law, the squares of the velocities are proportional to the 
squares of the distances divided by the cubes of the dis¬ 
tances, that is the squares of the velocities are itwrrseiy 
proportional to the distances, the more distant planet 
having the less velocity and vin vorsa. Now by the 
formula of Huygens the acceleration is measured by the 
square of the vclodty divided by the radius of the circle 
(which in this case is the distance of the planet from the 
sun). The accelerations of the two planets towards the 
sun are therefore inversely proportional to the distances 
each multiplied by itself, that, is are inversely propordonal 
to the squares of the distances, Newton's first result 
therefore is: that the motions of the plancts—rqgarded as 
moving in circles, and in strict accordance w'iih KepkHs 
Third l^aw—can be explained as due to the action of the 
sun, if the sun is supposed capohle of producing on a 
pLnet an acceleration towards the sun itself which is 
proportional to the inverse square of its distance from 


i J?Ji] 


TAe ImHrit Squart 217 

the surt) frj, At twice iht distance it is | as jjrcai, at three 
times the distance ^ aa greats ni ten times the distance 
as gt^t, and so on. 

■[’he argument may perhaps be made dearer by a 
numerical csarnple. Ici round numbers Jupitcr^s distance 
from the stin is five times as great as that of the earth, 
and Jupiter takes 13 years to perform a rcvoluiion round 
the sun, whereas the takes one. Hence Jupiter goes 
in IS years live times as far as the earth goes in one, arid 
Jupiter^s velocity is therefore about that of the earth s, 
or the two velocities are in the ratio of s to laj the 
squares of the velocities are therefore aa 5x5 to 12 x la, 
or aa 35 to 144. The accelerations of Jupiter and of the 
earth towards the sun are therefore as 25 "*■ S ‘ 44 ? 
Of aa 5 to 144; hence Jupiicr^s acceleration towards the 
sun is about ^^5- that of the earth,, and if wc had taken 
more accurate figures this fraction would have come out 
more nearly Hence at five times the distance the 

acceleration is 25 times less, „ j ■ 

This law of ths invoarse i^nare, as it may Iw called, is 
also the iaw according to which the light emitted from the 
sun or any other bright body varies, and would on this 
account also lie not unlikely to suggest itself in eonneciion 
with any kind of influence emitted from the sun, 

173. The next step in Newton's investigation was to see 
whether the motion of the moon round the earth could be 
explained in some similar way. By the same argument as 
before, the moon could be shewn to have an acceleration 
towards the earth. Now a stone if let drop falls down¬ 
wards, that ji in the direction of the centre of the earth, 
and, as Galilei had shewn (chapter vi., § 13^). 
motion is one of uniform acceleration j if, in accordance 
with the opinion generally held at that time, the motion 
is regarded as being due to the earth, we may say that 
the earth has the power of giving an acceleration low^ds 
its own centre to bodies near its surface. Newton noticed 
that this power extended at any rate to the tops of moun¬ 
tains, and it occurred to him that it might possibly extend 
as far as the moon and so give rise to the required 
acceleration. Although, however, the acceleration of falling 
bodies, as far as was known at the time, was the same for 
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terrcstria] bchdks whcrtver situaied, it was probable that 
at such a distance as (hat of the moon the acceleration 
caused bjf the earth would tie much less* Newton assumed 
os a. working hypothesis that the acccletation diminished 
according to the same law which he had previously arrived 
at in the case of the sun's acEioti on the planets^ that Is 
that the acceleration produced by the earth »ti any body 
is inversely proportional to the njuare of the distance of 
the body from the centre of the earth. 

It may be noticed that a difficulty arises here which did 
not present itself in the corresponding case of the planets. 
The distances of iht planets from the sun being large 
com|harcd with the sUe of the sun^ it makes little differenct; 
whether the planetary distances are measured from ihu 
certtc of the sun or from any other point in it. The same 
is true of the moon and earth ; but when we are comparing 
the action of the earth on tbe moon with that on a stone 
situated on or near the ground, it is clearly of the utmost 
importance to decide whether the distant^ of the stone 
15 to be measured from the nearest point of the earth, 
a few feet off, from the centre of the earth, 4000 miles 
off, or from some other jjoint. ProvisloiaalJy at any rate 
Newton decided on measiiring from the centre of the 
earth. 

It retnalticd to verify his conjecture in the case of the 
mtxm by a numerical caJcuhlitm; this could easily be done 
if certain things were known, n/s. Uic acceleration of a 
falling body on the earth, the distance of the surface of 
the earth from its centre, the distance of the moon, and 
the time taken by the moon to perform a revolution round 
the earth. The first of these was possibly known with fair 
accuracy ; the last was well kno^'^n j and it was also known 
tjut the moon's distance was about 60 timts the radius of 
the earth. How accurately Newton at this lime knew the 
sw of the earth is uncertain. Taking moderately accurate 
hgurcs, the calculation is easily performed. In a month of 
about ay day.s the moon moves about 60 times as far as 
the distance round the earth; that is she moves about 
DO X 24,000 miles in 27 days, which is equivalent to about 
3ijoo feet per second. The acceleration of the moon is 
therefore measured by the square of thijs, divided by die 
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distance of ihe moon (which is fio times the nudius of the 

+ -7 '1 loo 

carthi or 20,000.000 feet); that is^ it is —=- - -, 

' fro X 10,000,000 

which reduces to about Consequently, if the law of 

ihe inverse square hold-S the acceleration of n falling body 
at the surface of the earth, which is fro times nearer to the 

centre than the moon is,, should be ^ between 

, no 

52 and S3 ; but the actual flocetemtion of falling Ixidies 
is rather more than 32. 'I'he ntgument is therefore 
satinfaclory, and Newton's bypothesEs is so far %'crified, 
'fhe analogy thus indicatea beiw'ecn the motion of the 
moon round the earth aud the motiou of a falling stone 
may W illustrated by a comparison, due to Newton, of the 
moon to n bullet sEiot hortzontally out of a gun from a 
high place on the earth, l.,et the bullet start from i! in 
(ig. 71, then moving nt rir^;t horizontally it will describe a 
curved path and reach the ground at a point such as c* 
at some distance from the point a, vertically underneath 
its starling'point. If it were shot out w-ith a greater velocity, 
its path at first w'Ould be flatter and it would rcich the 
ground at a point c' beyond c ; if the velocity were greater 
still, it would reach the ground at c” or at c“' j and it 
requires only a slight clTort of the iirugination to conceive 
that, with a still greater velocity to begin with, it w^ould miss 
the earth altogether and describe a circuit round it, such 
line. This is eicactly what the moon does, the only 
dt^erence being that the moon feat a much greater distance 
than we have supposed the bullet to be, and that ber 
motion has not been produced by anything analogous to 
ibe gunj but the motion being orice iberc it is immaterial 
how it was produced or whether it was over produced in 
ihe past. liVe may in fact say of ihc moon “that she is a 
falling body, only she is going so fast and is so far off that 
she falls quite round to the other side of the earth, instead 
of hitting it ‘f and so goes on for evcrr"* 

In the memorandum already quoted tfrg) New'ton 
speaks of the hypothesis as fitting the facts “ pretty 
nearly''j but in a letter of earlier date {June aoth, rfrSfr) 

’ W. K. CliJfortl, Wi'ms tfW 0/ Sei/riffi 
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he refers to the calculation as not having been made accu¬ 
rately enough. It is probable that he used a seriously 
inaccurate value of the size of the earth, having overlooked 
the measurements of Snell and Norwood (chapter viii., 
§ *59); it is known that even at a bter stage he was unable 



to deal satisfactorily with the difficulty above mentioned, 
as to whether the earth might for the purposes of the 
problem be identified with its centre ; and he was of course 
aware that the moon’s path differed considerably from a 
circle. The view, said to have been derived from Newton’s 
conversation m^y years afterwards, that he was so dis¬ 
satisfied with his results as to regard his hypothesis as 
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HubstoniiLilly tiefeclivc,« possibleK but by no means cer^in ; 
TThatever the cause may have twcrip be Latd the subject 
nside for some years without pubJtshiug anything on it, and 
devoted himself chiefly to optica and mathematics- 

174- Meanwhile the problem of the planetary motions 
was one of the nutncrons subjects of discuss among the 
remarkable group of men wlio were the leading O' 

the Royal Society, founded in 1662+ JleheH If^he {10^5- 
1703), who claimed credit for most of the scientific dis¬ 
coveries of the time, suggested with some distinciti^s, rmt 
later than 1674, that the motions of the planets might be 
accounted for by attraction loetwcen them and the sun, and 
referred also to the possibility of the earths attraction on 
bodies varying according to the law of the inverse square- 
Chriifopher {163J-1733), belter known as an archiiKt 
than as a man of science, discussed some questions oi this 
sort with Newton in i 6 j 7 t appears also to have thought 
of a law of attraction of this kind. A letter of Hookes to 
Newton, written at the end of rSySt dtaHiog among^ other 
things with the curve which a falling body would descril}^ 
the rotation of the earth being taken into account, ^mulatcrt 
Newton, w'ho professed that at this time his * aiieciion to 
philosophy " was "worn out^" to go on with his study oi 
die cek:5tial motions- Picard^s more accurate nieasUTCmerii 
of the earth (chapter vtit., § 159) ^as now well known, and 
Newton repealed his former calculation of the moons 
motion, using Picard's improved measurement, and found 
the result more satisfactory than before. 

175, At the same time (1679) Newton made a further 
discovery of the utmost importance by overcoming some of 
the diflSculiies connected with motion in a path other than 

^ shewed that if a body moved round a central body, 
in such a way that the line Joining the two bodies sweeps 
out equal areas in equal times, as in Kepler’s S«ond Law 
of planetary motion (chapter viir, § 141)11 then the movmg 
body is acted On by an attraction directed exactly towards 
the central body; and further that if the path is ellipse, 
with the central body in one focus, as in Kepler's First La.w 
of planetary motion, then this aiiraction must va^ in 
different parts of the path os the inverse square of the 
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distance bcli^Mn. the two bodies^ Keplcr^s la^ii-s of planetary 
motion were in fact shewn to lead necessarily to the 
conclusions that the sun exerts on a planet an attraction 
inversely pTOporlional to the square of the distance of the 
planet from the sun, and that such an attraction affords a 
suflicient explanation of the motion of the planet. 

Once more, howeverj Newton published nothing and 
** threw his calculations by, being upon other studies.” 

176. Nearly five years later the matter was again brought 
to his notice, on this occasion by Edmund Ifatky (chap¬ 
ter X., §§■ i 99 -aos)» whose friendship played henceforward 
an important {sart in Newton’s 1ife» and w’^hoso untielfish 
devotion to the great ostronomeir forms a pleasant contrast 
to the quarrels and jealousies prevalent at that time 
between so many scientific men. Halley^ not Icnowing 
of Newton’s work in 1666, rediscovered, early in 1634, the 
taw of the inverse square, as a consr^uence of Kepler’s 
Third LaWj and shortly afterwards discussed with Wren 
and Hooke what was the curve in which a l>ody would 
mare if acted on by an attraction varying according to 
this law; but none of them could answer the question.* 
Later in the year Halley visited Newton at Cambridge 
and learnt from him the answer. Newton had, character¬ 
istically enough, lost his previous calculation, but. was 
able to work it out again and sent it to Halley a few 
months afLerwards. This time fortuitately his attention 
was not diverted to other topics; he worked out at once a 
numlKir of Other problems of niotioio, and devoted his usual 
autumn course of University lectures to the subjecL 
Perhaps the most interesting of the new results was that 
Kepler’s Third Law^ from which the law of the inverse 
square had been deduced in r666, only on the suppositton 
that the planets moved in circles, was equally consistent 
with Newton's law when the paths of the planets were 
taken to be ellip^. 

177. At the cud of the year 16S4 Halley went to 
Cambridge again and urged Newton to publish his results, 
tn accordance with this request Newton wrote out, and sent 

• II k intcrcBEini; ta reiJ iJiat Wra odiend « priic of 4OJ. [O 
whichever of the othmwo shDuld vdve this the ccotnil problem of 
the BolDir ByAJtciit, 
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to the Royal Society, a tract tailed f^ifpssifi^ius dt Motu, 
the 11 propositions of which contained the results already 
mentioned and some others relating to the motion of 
txMiies under attraction to a ccnTre+ AUbougb the pro¬ 
positions were given in an abstract form, it was pointed out 
that certain of them applied to the case of the planets. 
Further pressure from Halley persuaded Newton to give 
his results a more permanent form by embodying them in 
a larger book. As might have been expected, the subject 
grew' tinder his hands, and the great treatise which resulted 
contained an immense quantity of material not contained 
in the Di Meta. By the middle of i6fi6 the rough draft 
was hnished, and some of It was ready for press. Halley 
not only undertook to pay the expenses^ hut superintended 
the printing and helped Newton to collect the astronomical 
data which were necessaiy. After some delay in the press, 
the bCHuk finally appeared early iti July 1687, under the 
title PMioSaphmi Priac{/>ia J^fath^iaafisa* 

178. The Prmdpiii^ as it is commonly called^ consists of 
three book^ in addition to introductory matter: the hirst 
book deals generally with problems of the motion, of bodies,, 
solved for the most part in an abstract form without special 
rcfercnoe to astronomy i the second book deals with llte 
motion of bodies through media which resist their motiotiT 
such as Ordinary fluids, and is of comparatively small 
astronomical importance, except that in it some glaring 
inconsistencies in the Cartesian theory of vortices arc 
pointed out ^ the third book applies to the circumstances 
of the actual solar system the results already obtained, and 
is in fact an explanation of the motions of the celestial 
bodies on Newton^s mechanical principles. 

179. The introductory portion, consisting of** Definitions" 
and Axioms, or Laws of Motion," forms a very notable 
Contribution to dynamics, being in fact the first coherent 
statement of the fundamental laws according to which the 
motions of bodies arc produced or changetL Newton 
himself docs not appear to have regarded this part of 
his‘ book 05 of very' great importance, and the chief 
results embodied in it, being overshadowed as it were by 
the more striking discoi-eries in other parts of the book, 
auracted comparatively little attention. Much of it must be 
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[passed over here, but {Krtoin rcsultd of special aatronomicaJ 
importance require to be Tiicntioned. 

Cialileip as we have seen '(chapter vl, §§ 130, 133), 
w^aa the first to enunciate tlie law that a body when once 
in motion continues to move in the .same direction and 
at the same speed unless some cause is at work to ntake 
it change its motion. This law is given by Newton in 
the form already quoted tn § 130, as the first of three 
fijndamcnial taws, and is now commonly known as the 
First Law of Motion, 

Galilei also discovered that a fiilling body moves with 
'Continually changing velocity, but with a uniform accetera^ 
tion (chapter vE., $ 133), and that this acceleration is the 
same Tot all bodies (chapter vi,, $ i rfi). The tendency of 
a body to fiill having been generally recognised as due 
to the earth, Galilei^s discovery involved the recognition 
that one eflect of one body on another may be an accekm- 
tion produced in its motion. Newton extended this idea 
by shewing that the earth produced an acceleration in the 
motion of the moon, and the sun in the motion of the 
plancLSt and was led to die gcneml idea of acceleration in 
a body's motion, which might lie due in a variety of ways 
to the action of other bodies, and which could conveniently 
be taken as a measure of the effect produced by '□ne body 
on another. 

iSo. To these ideas Newton added tbiC very important 
and difficult conception of moo*. 

If we arc comparing two dififcrent bodies of the same 
material but of difierent sices, we are accustomed to think 
of the larger one as heavier than the other In the same 
way we readily think of a ball of lead os being heavier 
dian A ball of wood of the same size* 'I'hc most prominent 
idea connected with '*heaviness” and "lightness" is that 
of the muscular effort required to support or to lift the 
body in question i a greater eflorq for example, is required 
to hold the leaden ball than the wooden one. Again, the 
leaden ball if supported by an clastic string stretches it 
farther than does the wooden ball ) or again, if they are 
placed in the scale! of a balance, the lead sinks and the 
wood risE*. All these eSects we attribute to the “ weight ” 
of the two bodies, and the weight we are mostly accustom^ 
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to attribute in some way to the action of the earth on 
the bodief^ 'I'he ordinary process of weighing a body in 
a balance shews^ further, that we ore accustomed to think 
of weight as a measurable quaniityb On the other hand, 
we know from Galilei's result, which Newton tested tery 
carefully by a Series of pendulum Capcrimen.t£, that the 
leaden and the wooden ball, if allowed to drop, fait with 
the same aeocleraticn. If therefore we cneasure the edect 
which the earth produces on the two balls by their 
acceleration, then the earth affects them ecjually \ but if 
wc measure it by the power which they liave of stretching 
strings, or by the power which one has of supporting the 
other in a balance, then the effect which the earth produces ' 
on the leaden ball is greater than that produced on the 
wooden balk Taken in this way,^ the action of the earth 
on either ball may be spoken of as weighs and the weight 
of a body can be measured by comparing it in a balance 
with standard bodies. 

The difFerence between two such bodies as the leaden 
and wooden ball may, howc'i’er, be recognised in quite 
a different way. We can easily see, for example, that a 
greater effort is needed to set the one in motion than 
the other; or that if each is tied to the end of a string 
of given kind and whirled round at a given rate, the 
one string is more tightly stretched than the other. In 
these coses the attraction of the earth is of no importance, 
and we recognise a distincEion between the two bodies 
which is independent of the attraction of die earth. This 
distinction Newton regarded as due to a difference in 
the quantity of matter or material in the two bodies, 
and to this quantity he gave the name of moss. It may 
fairly be doubted whether anyt.hirtg is gained by this par¬ 
ticular definition of mass, but the re^ly important step 
was the distinct recognition of mass as a property of bodies,, 
of fundamental importance in dynamical questions^ and 
capable of measurement. 

Newton^ developing Galilei's idea, gave as one measure^ 
ment of the action exerted by one b^y on another the pro¬ 
duct of the mass by the acceleration produced—^ quantity 
for which he used different names, now replaced by 
forw. The v^dihi of a body wm thus identiffed with the 
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force exerted on it by iJie earth. Since the earth produces 
the same acceleration in all bodies at the same place, 
it follows that the masses of bodies at the same place arc 
proportional to their weights J thus if two bodies are com' 
pored at the isamc place, and the weight of one {as shewn, 
for example, b)' a pair of scales) is found to be ten times 
that of the obicrt then its miss is also ten times as 
grcat< Hut such experiments as those of Richer at Cayenne 
{chapter viii., § 161) shewed that the acceleration of (oiling 
bodies wos less at the equator than in higher latitudes; 
so that if a body is carried from London or J^aris to 
Cayenne,, its weight is altered but its remains* the 

same os. before. Newton^s conception of the earth's 
gravitation os extending as far as the moon gave further 
importance to the dUtinction between moss and weight; 
for if a body were removed from the earth to the moon, 
then its; mass would be unchanged, but the acceleration 
due to the corth^s attraction would be 60 x 60 times less, 
and its weight dLm]n[s.hed in the .some proportion. 

Rules are also given for the eflect produced on a 
bodj^s motion by the simulumeous action of two or more 
forces.* 

A further principle of great importance, of which only 
very indistinct traces are to be found before Newton's 
time, was given by him os the ITiird Law of Motion in 
the form; "To every action there is always an equal 
and contrary reaction j or, the mutual actions of any two 
bodies are always equal and oppositely directed." Here 
action and reaction arc to be interpreted primarily in the 
sense of force If a stone rests on the hand, the force with 
which the stone presses the hand downwards is equal to 
that with which the hand presses the stone tipwaids i if 
the earth attracts a stone downwards with a certain fo-rct, 
then the stone attracts the earth upwards with the same 
force, and so on. It is to be carefully noted that if, as 
in the last example, two bodies are acting on one another, 
the aa^r/araiilpnj produced are not the same, but since force 

’ "njc fuilur fiarailtto^ivat of wtiLcH e»rlkr writer* hod 

fiAd indEltinct idena, w» clnrly staled uid proved the Entro. 
d action to the «iid whs, by a curioul eOqneidciscc, puhliiJicd 
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is measured hy the product of mass and acceleration, the 
body with the larger roass receives the lesser accclemtioii. 
In the case of a stone and the earth, the mass of the 
latter being enormously greater/ its acceleration is ciior- 
moualy less than that of the stone, and is therefore (in 
accordance with our experience) quite insensible. 

iSi. When Newton began to write the F^ind/na he had 
probably satished himself 173) that the attracting power 
of the earth extended as far as the moon, and that the 
acceleration thereby produced in any body-^whethcr the 
moon, or whether a Crndy close to the earth—is inversely 
proportional to the square of the distance from the centre 
of the earth. W'ith the ideas of force and moss this result 
may be slated in the form : fht earth attracts any body teiih 
a farce irwerseiy frafiortionat to the square af the distance 
from the earth's cent^, and also praportianal io the mass of 
the bodyr 

In the same n-ay Newton had established that the 
motions of the planets could be explained by an attraction 
towards the sun producing an acceleration inversely pro¬ 
portional to the square of the distance from the suites 
centre, not only in the same planet in different ports of its 
path, but also in different planets^ Again, it follou’s from 
thU that the sun attracts any planet with a force inversely 
proportional to the square of the distance of the planet 
from the sun's centre, and also proportional to the moss 
of the planet* 

Hut by the Third Law of Motion a body experiencing an 
attraction towards the earth must in turn exert an equal 
attraction on the earth; similarly a body experiencing an 
attraction towards the sun must exert an equal attraction 
on the sun. If, for example, the mass of Venus is seven 
times that of Mars, then the force with which the sun 
attracts Venus is seven times as great as that with which 
it would attract Mara if placed at the same distance j and 
therefore also the force with which Venus attracts the 
sun is sev'en times as great as that with which Mars would 
attract the sun if at an equal distance from it. Hence, in 
all the cases of attraction hitherto considered and in 

U b between tJ uad 14 bjUiOfl blllba pouiMl^ Sec cliapLerx., 
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whJdi the compiafiaon is possible, the force is proportional 
not only to ihe mass of the Attracted body, but also to 
that of the attracting body, as well as |)eing inversely pren 
portional to the square of the distance. Gravitation thus 
appears no longer as a property peculiar to the central 
body of a fcvolving system, but as twtonging to a planet 
in just the same way as to the sun, and to the moon or 
to a stone in just the same way as to the earth. 

Moreover, the fact that separate Ixxlies on the surface 
of the earth are attracted by the earth, and therefore in 
turn attract it, suggests that this power of attracting other 
bodies which the celestial bodies are shewn to possess 
does not belong to each celestial body as a whole, but to 
the separate particles making it up, so that, for eicamplc, 
the force with which Jupiter and the sun ntutuaJly attract 
one another h the result of compounding the forces with 
which the separate particles making up Jupiter attract 
the sepamte particles making up the sun. Thus is 
suggested finally the law of gravitation in its most gene^ 
form: portkk of maHtr otirtidt ectry other fs^riUk 

xoith a forte proforiionoi to the tnoss of etifh^ ond intxrseiy 
prep&rtiaool to the ignore of the distonee hekveen them* 

18a. In all the astronomicnl cases already referred (O' 
the attractions between the various celestial bodies have 
been treated as if they were accumtety directed towards 
their centres, and the distance between the bodies has 
been taken to be the distance between their centres. 
Nettion's doubts on this point, in the case of the earth's 
attraction of bodies, have been already referred to (§ 173) ; 
but early in 1635 he succeeded in justifying this assumption. 
By a singularly beautiful and simple course of reasoning 
he shewed {Prindpio^ Book I., propositions 70, 71) that, if 
a body is spherical in form and equally dense throughout, 
it attracts any particle external to it exactly as if its whole 
mass were concentrated at its centre. He shewed, further, 
that the same is true for a sphere of variable density, 
provided it can be regarded as made up of a scries of 
spherical shells, having a common centre, cadi of uniform 

" Ak ikr u I know Newton jtvn no ihatt ataionenl of the ]xw 
in a pcrfnlly comploEe and {:cncrxl forin \ aeparate pirls of il an; 
(Ivcn tti difTercBt paaaa^n of the T^rindpio* 
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dendiy throughout^ different shells bcingj however, of 
different densities;. For cx:iTEipEe, the result is true for ti 
hollow iridiarubber ball as well as for a solid onej but 
is not tme for a sphere made up of a hemisphere of wood 
and a hemisphcTe of iron fastened together. 

18.3. The law of gravitation being thus ptavisionalljr 
established^ the great task which tay before Newton, and 
to which he devotes chc greater part of the first and third 
books of the Pri/ia/nnj was that of deducing from it and 
the '* laws of motion " the motions of the various members 
of the solar system, and of shewing* if possible, [hat the 
motions SO calculated agreed with those observed. If this 
were successfully done, it would afford a verification of the 
most delicate and rigorous citaracter of Newton's principles. 

The conception of the solar s^^steca as a mechanism, each 
member of which infiuences the motion of every o^cr 
member in accordance with one universal law of attraction, 
although extremely simple in itself, is easily seen to give rise 
to very serious dIfiicuUies when it is proposed actually to 
calculate die various motions. If in dealing with the 
motion of a planet such ns Mars it were possible to regard 
Mars as acted on only by the aumetion of the sun, and to 
ignore the effects of the other planets, then the problem 
would be completely solved by the propositions which 
Newton estahlished in ifijtj ry5), and by their means the 
position of Mnrs at any [imc could be calculated with any 
required degree of accuracy. But in the case which 
actually exists dm motion of Mars Is affected by the forces 
with which all the other planets (as well as the satellites) 
attract it* and these forces in turn depend on the position of 
Mars (as well as upon that of the other planets) and hence 
upon the motiori of Mars. A problem of this kind in all 
its generality is quite beyond the powers of any existing 
mathematical methods. Forlunatcty, however, die mass 
of even the largest of the planets is so very much less than 
that of the sun, that the motion of any one planet is only 
slightly alTected by the others; and it may be regarded as 
moving very nearly as it w^ould move if the other planets 
did not exist, the efi«t of these being afterwards allowed 
for as produdnig disturbances or pertarhationa in its path. 
Although even in this simplified form the problem of the 
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motion of the [>]4H€ts is one of GJEtrcnic difficult (cf. 
ehapicr xi.^ § 218), &nd Newton was unable to solve it with 
anything like completeness, yet he was able to point out 
certain general effects which must result from the mutual 
action of the planets, the most interesting being the slow 
forward motion of the apses of the eaith^s orbit, which had 
long ago been noticed hy observing astronomers (chapter 
§ 59.). Newton atso pointed out that Jupiter, on account 
ofitsgT^t mass, must produce a consider able perturljation 
in the motion of its neighbour Saturn, and thus gave some 
explanation of an irresularity first noted by Horroefcs 
(chapter Vlll*, § 156)^ 

1S4. The motion of the moon presents special dithculties^ 
but Newton, who was evidently much interested in the 
problems of lunar theory, succeeded in ovcfcoming them 
much more completely than the corresponding ones 
connected with the planets^ 

The moon^s motion round the earth is primarily due to 
the attraction of the eartli; the perturbations due to the 
other planets arc insignificant i but the sun, which though 
at a very great distance has an enormously greater rnassi 
than the earth, produces a ve^ sensible disturbing effect 
on the moon^s motion. Certain irregularities, aa we have 
seen {chapter Ji,, §5 40, 48 ; chapter v,, §111), had already 
been discovered by obscrintian. Newton was able to 
shew that the disturbing action of the sun would neces¬ 
sarily produce perturharions of the same general character 
as those thus recognised, and in the case of the motion of 
the moon^s nodes and of her apogee he was able to get a 
very fairly accurate numerical result; * and he also dis¬ 
covered a number of other irregularities, for the most part 
very small, which had not hitherto b^n noticed. He 
indicated also the existence of certain irregularities in the 
motions of Jupiteds and Saturn's moons analogous to those 
which cKxur in the ca$c of our moon, 

• fl ti MBUMiMly •tAt«d Uul Newtofl'a value of the inolion of the 
moon's "paca was only »b«U Mf the Irac vwluc. In a scholinEn 
of the Phtfifiia ta prop. nf Ehc third book, g;iv<ii in the finl 
edition but Afterward* omitted, he esltmiled Iho annual motion at 
40'^, theohserved value beinx; about 41^, In one of bit u'npublisbed 
papery contained in (he FV^naraouLb collection, he arrived at by 
n proceoa which be evidenUy regarded aa not atlogetlier utiafactory. 
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1S5- One group of results of tin entirely novel character 
resulted from Newton's theory of (gravitation. It l>ecai:ine 
for the first time possible to estimate the masicj of some 
of the cclestLal I^ecs, by comparirig the attractions ejeerted 
by them on other Ijodies with that cKerted by the earth. 

'rhe case of Jupiter may l;ie given as an illustration^ The 
time of revolution of Jupiter's outermost satellite is known 
to be alwut jfi dap i& hours,, and its distance from 
Jupiter was estimated by Newton (not very correctly) at 
alxiut four times the distance of the moon from the earth* 
A calculation eitactly like that of § 17s or § 173 shews that 
the acceleration of the satellite due to iuptter''s attraction 
is about ten times as great as the acceleration of the moon 
towards Ute earth, and tliat therefore, the distance being 
four times as great, Jupiter attracts a body with a force 
[0 K 4 >! 4 limes as great as that with which the earth 
attracts a body at the same distance ; consequently Jupiter's 
mass is 160 limes that of the eaith* 'I’his process of 
reasoning applies also to Saturn, and in a very similar way 
a comparison of the motion of a planet, Venus for example, 
round the sun with the motion of the moon round the 
earth gives a relation between the masses of the sun and 
earth. In this way Newton found the mass of the sun to 
be lofi?! 3021, and 165382 times greater than that of 
Jupiter, Saturn, and the earth, respectively. The corre- 
spondir^ figures now accepted arc not far from 1047, 353 *^* 
324435. ^Tge error in the last number is due to the 

use of an erroneous value of the distance of the sun^—then 
not at all accurately known—upon which depend the other 
distances in the solar system, exojpi those connected with 
the carth-nioon system. As it was necesiaty for the cm' 
ployment of this method to be able to observe the motion 
of some other brjdy attracted by the planet in question, it 
could not be applied to the other three pLineis (Mars, 
Venus, and Mercury), of which no satellites were known. 

186. From the equality of action and reaction it follows 
that, since the sun attracts the planets, they also attract the 
sun, and the sun consequently is in motion, though’—owing 
to the comparative smallness of the planets—only to a very 
small extent. It follows that Kepler's Third Law is not 
strictly accurate, deviations from it beeomiing sensible in 
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the ca£c qf the Isjge planets Jupiter and Saturn (cf. chap¬ 
ter VII, j § 144)- It waS) however,, proved by NcRtan that 
in any system of bodies, such as the solar system, moving 
about in any way under the influence of their mutual 
attractions, there is a particular paint, called the cea^e of 
gravity^ which can always be treated as at rest; the sun 
moves relatively to this point,, but so little that the distance 
between the centre of the sun and the centre of gravity can 
nu^'cr be much more than the diameter of the sun. 

It is perhaps rather curious that this result was not aciied 
upon by some of the supporters of the Church en the con¬ 
demnation of Galilei, now rather more than half a century 
old; for if it was far from supporting the view that the 
earth is at the centre of the world, it at any rate ne^tived 
that part of the doctrine of Co^petnlcus and Galilei which 
asserted the sun to tie at ivsi in the centre of the world. 
IVobably no one who was capable of understanding 
Newton's book was a serious supporter of any antt^ 
Copperoican system, though some still professed them' 
selves obedient to the papal decrees on the subject* 

' Throaghoul ttnc C^ippernit^An cuntTOversy up to Jfewtou’* Umc 
[E Ibul boeo geneni]]; uaaucncd, both by CopprrnicHTia and by the Jr 
oppenrntif ihjt Uiere some mtaniiiE is speak of o bodyaimply 
aa beiiij; at rail" or in without any refi^ncc lo nny 

other body., liul all tlwl we caa rcaily obKtVe ii the motion of one 
body retativc to ore or more othtra, itstronointcAl ob^rvatioa Eel La 
for CAaiDptc, ^ a (pertain motion relAtive to ooc another ct the 
earth and Inn ; and this modoci waa expressed In two quite ditTcreot 
waya by FioJcmy and by CoppemlrvL From a CBodcTn standpoint 
the qneation ultinatjcly involved waa wlnellker the motiotiJi of ibe 
vanoua bodiex of tho solar syalem fdattvcly to the earth or relatively 
to the lUEi wore tbeaimpScr to expren. If it ts fonmi convenient to 
expma them—aa Coppemieaa and Calilet did—in reJaliein. t* the 
lun, sorae^airaplicity of Btatcraeai 14 gained hy upeakiug of Ibc auu 
an "■ fixed " and omiulng the quatideatkm “relative to the sun " in 
apeaking of any other body. The aanc tn(i1:iena might have been 
ExpteaKd relatively to any other body chosen at will: to one of 

the hands of a watch carried by a man walking up and down on the 
, r A Bca; in thia cjue It it clear that the motiont 

of the Other bodin of the aoUr ayaletn teEatLve to thii body would be 
exeeaajvelycompltcalcd ; and it would therefore behighty inCOnventcDt 
chough atill poaoibte to treat Lbbi particular body as " Exed." 

A new aapeet of the problem preaenla ilKlf, however, when an 
allem^-Uke Newton'a—u made to explain the motion* of bodio of 
the solar system aa Ihe result of farces exerted O'™ one aaother by 
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[S^r, The variation of the lime of osciltitiDn of a. 
pendulum in diiTeient parti of the eaithj. discovered by 
Richer in 167Z [^chapter Viii., § i^Oi indicated that the 
earth whs probably not a sphere. Newton pointed out 
that this dtparturu from the spherical form was a conse^ 
quence of the mutual gravitation of the particles making 
up the earth and of the earth's notation. He supposed a 
caiul of water to pass from the pole to tbu centre of the 
earth, and then from the centre to a point on the equator 
(u OdA in fig. 73), and then found the condition that these 
two columns of w^atcr a p, o a, each being attracted towards 
the centre of the earth, should balance* This method 
involved certain assumptions as to the Inside of the earth, 
of which litde can be said to be known even now, and 
consequently^ though Newion^a general result, that the 
earth is flattened at the pol^ and bulges out at the equator, 
was right, the actual numerical eKpression which he found 
was not very accurate. If,, in the figure, the dotted line is 
a circle: the radius of which is equal to the distance of the 

those bodtea. K tor Rtam p-le, wc look at NcWlati'a First Ltw raf 
Motion (clupter vi., ^ wc see thit it has na mnning:, unim wc 
know wlutt the b«iy Ar iMdiek relative to which the inetic^n !• 
bcinf expressed j a bedy at rest relatively to the earth is mavinB' 
relatively to the aan or td the hxed ntatT, nrid the npplic«bElity ef the 
First Law la it depends thcrefare c^n whether we are dealing with its 
motii^n relatively to the earth hr not. For moat terrestrial morons 
it ia suffieicnt tc rvjpird the l.aws af Median u referrini^ to inalion 
relative to the earth ; or, ia other words, wc may (or this purpose 
treat the earth at "fixed." BmI if we e*AinlflC tertaie tcneatrial 
motions more exactly, we find that the Laws of Metioa thus inICTprelcd 
arc npt ^uite true ^ hut that we get a more accurate explanatjoti of 
the obficrved phrenoimena if we the Laws of Motion as referring 

la liiotion relative to the ceatre of the aue and to lines drawn from it 
to the fllara; or, in Other wiordx, We treat the eehtte of the sun 4u a 
“ fixed " paint and Lbes< linea pa " fixed direeticmB. But again when 
we are denling with the solar system generally this interptetaUon is 
slightly Inaccurate, and we have to treat the centre of gravity of the 
solar system instead of thn spn as “ Eacd,' 

Froiti thll point of view we hiay say that Newton’s object Ea the 
was to shew [hat it was pesaiblo to ehoosc a Certain point 
fthc oonlre of gravity of the solar system} and certain dirciAions 
(Hoes Joining this point to the fixed Stars}, as a base of rcfefence, 
such that aD motiunsi being treated as relative to this base, [he Laws 
of Motinn and the Law of gravitation alford a cenalstent eapLuLstloa 
of the obsfl ved motions of the bodies Af iho soisr system. 
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pole » from the centre of the earth o, then the aqiual 
surface of the earth extends at the equator beyond this 
Circle as far as a, wheiCT according to Newton* a a is about 
of o It or o A^ and according to modern estimates, based 
on actual measurement of the earth as well as upon theory 
(chapter X., § aar), it is about o Both Newton's 

fraction and the modern one arc so smidt that the resulting 
flattening cannot be made sensible in a hpre; in fig. yi 


Fig. ya.—The >pheroi(tft| form of the «n.b. 

the length n A is made* for the salce of distinctness, nearly 
30 times as great as it should be, 

Newton disewered also in a similar way the fattening 
of JupittT* which, owing to its more rapid lOtaifan* is 
considerably more flattened than the earth j this was also 
detected telescopically by Domenico Cassini four years 
after the publication of the Prituipia. 

188. The discovery of the form of the earth led to 
an explanation of the precession of the equinoxes, a 
phenomenon which had been discovered t,8oo years before 
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(chapter II., § 42), but had remained a complete mystery 
ever stnce. 

If the earth is a, perfect sphere, then its attraction on 
any other body ts exactly the same as if its mass ivere ah 
concentrated at its centre (§ iSa], and so also the atiraction 
on it of any other body such as the aun or moon is 
equivalent to a single force passing through the centre o of 
the earth ; but this is no longer true if the earth is not 
spbericaL In fact, the action of the sun or moon on the 
spherical part of the earth, insido the dotted circle in 
hg. 72, is equivalent to a force through 0, and has no 
tendency to turn the earth in any way about its centre; 
but the attraction on the ruinaining portion is of a diderent 
character, and Newton shewed that from it resulted a 
motion of the axis of the earth of the same general 
character as precession. The amount of the precession as 
calculated by Newton did as a matter of fact agree pretty 
closely with the observed amount, but this was due to the 
accidental compensation of two errors, arising from his 
imperfect knowledge of the form and construction of the 
caAh, as well as from erroneous estimates of the distance 
of the sun and of the mass of the moon, neither of which 
quantities Newton was able to measure with any accuracy** 
It was further pointed out that the motion in question was. 
necessarily not quite uniform, but that, owing to the unequal 
effects of the sun in different positions, the earth's axis 
would oscillate to and fro every six months, though to a 
vcr>' minute extent. 

189. Newton also gave a general eirplanation of the tides 
as due to the disturbing action of the moon and sun, the 
former being the more imporlont. If the earth be regarded 
as made of a solid spheric^ nucleus, covered by the ocean, 
then the moon attracts different parts unequally, and in 
particular the attraction, measured by the acceleration pro¬ 
duced, on the water ncfiicst to the moon is greater than 

* He estiitutcd the iinnujil dufr to the itin to be about 

and that due ro the cnoon to be about fOLir and a balf timea as 
grni, ao thsE the lota! araotiht due to the two tradies came out about 
50", whkh agrees wilhin a Tneb^ri of a Second with the amount 
abewn by abeery^uon; hut we know new that the moon'a sham is 
nut much muiTC than twice that of the sun. 
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that on the solid earth, and that on the water farthest from 
the moon is less. Consequently the water moves on the 
suKaee of the earth, the general character of the motion 
being the same as If the portion of the ocean on the side 
towards the moon were attracted and that on the opposite 
side repelled. Owing to the rotation of the earth and 
the moon’s motion, the moon returns to nearly the 
same position with respect to any place on the earth in 
a period which exceeds a day by (on the average) about 50 
mintites, and consequently Newton’s argument shewed 
that low tides (or high tides) due to the moon would follow 
one another at any given place 3t intervals equal to about 
half this period; or, in other w^ortbi that two tides would 
m general occur daily, but that on each day any particular 
phase of the tides would occur on the average about 50 
minutes later than on the preceding day, a result agrecine 
with observation. Similar but sutler tides were shewn 
by-the same argument to arise from the action of the 
sun, and the actual tide to be due to the combination of 
the two. It was jjhcwn that at new and full moon the 
lunar and solar tides would be added together, whereas 
at the half moon thej' would tend to counteract one another, 
so that the observed fact of greater tides every fortnight 
ri^ived M explanation. A numlier of other peculiarities 
of the tides were also shewn to result from the same 
principles. 

Nemon ingeniously used obsen-ations of the height of 
the tiae when the sun and moon acted together and 
when they acted in opposite ways, to compare the tide- 
raising powers of the sun and moon, and hence to estimate 
the mass of the moon in terms of that of the sun, and 
consequently in terms of that of the earth {§ 1S5), liie 
resulting mass of the moon was about twice what it ought 
to be according to modem tnowlcdge, but as before 
Newtons lime no one knew of any method of measuring 
the mwns mass even in the roughest way, and this result 
had to be disentangled from the innumerable complications 
connected with Ijoth the theoiy and with observation of 
the rides, it cannot but be regarded as a remarkable achieve¬ 
ment. Newton s theory of the tides was based on certain 
hypotheses which had to be matte in order to render the 
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problem at all rdfinag]eab|e» but which were cer^nly not 
true, and consequently, aa he was well aware, important 
rnodidcaiions would necessarily have to he made, in order 
to bring his resuhs into agreement with actual facts^ Tbe 
mere presence of land not covered by water is, for eiatmple, 
sufficient by itself to produce important alterations in tidal 
effects at dilTcrent places. Thus Newtontheory by 
no means equal to such a task as that of predicting the 
times of high tide at any required place, or the height of 
any required tide, though it gave a satisfactory explanation 
of many of the general characteristics of tidcs^ 

itjo, Aa we have seen (chapter V., § 103 \ chapter vii., 
comets until quite recently had been commonly 
regarded as terrestriai objects produced in the higher 
regions of our atmosphere^ and even the more enliglUencd 
astronomers who, like Tycho, Kepkr, and Galile^ recog¬ 
nised them as belonging to the celestial Ijiodies, were un¬ 
able to give an explanation of their motions and of their 
apparently quite irregular appearances and disap;^aranccs^ 
Newton was led to consider w'hcther a comers motion 
could not be explained, like that of a planet^ by gravitation 
towards the sun. If so then, as he had proved near the 
beginning of the Ptindpia, its path must be either an ellipse 
or one of two other allied curves, the parabola and 
hyperbola. If a comet moved in an ellipse which only 
differed slightly from a circle, then it would never recede 
lo any very grtiat distance from the centre of the solar 
system^ and would therefore be regularly visible, a result 
which was contrary lo observation. If, however, the ellipse 
wa-S very elongated, aa shewu in 73, then the period 
of revolution might easily be very great, and^ during the 
greater part of it, the comet would be so far from the sun 
and consequently also from the earth as to be invisible. 
If so the comet would be seen for a short time and liecome 
inrisiblc^ only lo reappear after a very long time, when 
it would naturally be regarded as a new comet. If again 
the path of ihc comet were a parabola (which may be 
regarded os an ellipse indefinitely elongated), the comet 
would not return at all, but would merely be seen once 
when in that part of its path which is near the sun. But 
if a comci moved in a parabola^ with the sun in a focus, 


[gu. IX. 


23^ ^ SAar/ q/ Asiron&my 

then its positioru; when not very far from the sim would 
be almost the same as if it moved in an elongated ellipse 
(see fig, and consequently it would hardly be possible 
to distinguish the two cases. Newton accordingly worked 
out the case of motion in a parabola, which is mathemati¬ 
cally the simpler^ and found that, in the case of a comet 
which had attracted much attention in the winter i6So-r, 
a parabolic path could be found, the calculated places of 
the comet in which agreed closely with those observed., 
In the later editions of the Prindpin the motions of a 
number of other comets were investigated with a similar 



Flc. 73-—Aa elongated ellipse and a paxa^li. 


result. It was thus established that in many cases a 
comet's pth is cither a paiabob or an elongated ellipse, 
and that a similar result was 10 be expected in other cases. 
This reduction to rule of the apparently arbitrary mOEions 
of comets, and their inclusion with the planets in the same 
class of lx>dics moving round the sun under the action 
of gravitation, may fairly be r^ded as one of the most 
sinking of the innumerable discoveries contained in the 
PrituipiQ. 

In the same section Newton discussed also at some 
length the nature of comets and in particular the structure 
of their tails, arriving at the conclusion, which is in general 
agreement with modem theories (chapter xjju., § 304), that 
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the Uil is formed liy a stream of finely divided niatler 
of the nature of smoke^ rising up from the body of the 
comet, and so illuminiiied by the light of the atm when 
tolerably near it as to become visible. 

191. The AtVirjeia was published, as we have seen, in 
1 6&J* Only a small edition seems to have been printed, 
and this was exhausted in three or four years. Newion''s 
earlier discoveries, and the presentation to the Royal 
Society of the tract Ik Motu (§ 177), had prepared the 
scientific world to look for important new results in the 
and the booh appears to have been read by 
the leading Continental mathematicians and astronomers, 
and to have been very warmly received in England. The 
Cartesian philosophy had, however, loo firm a hold to be 
easily shaken j and Newton's fundamental principle, in¬ 
volving as it did the idea of an action between two bodies 
separated by an interval of empty space, seemed impossible 
of acceptance to thinkers who had not yet fully grasped 
the notion of judging a scieritific theory by the e^ctent 
to which its consequences agree with observed facta. 
Hence even so able a man as Huygens (chapter viin, 
§5 tS4i' tS7p iS8)p Jeg^ed the idea of gravitation as 
absurd," and expressed his surprise that Newton should 
have taken the trouble to rnake such a number of labonous 
calculations with no fouiidation but this principle, a remark 
which shewed Huygens to have had no conception that 
the agreement of the results of these calculaliotis with 
actual facts was proof of the soundness of the principle, 
Pctsonal reasons also contributed to the Continental neglect 
of Newton^s work, as the famous quarrel between Newton 
and Leibniz os to their respective claims to the invention 
of what Newton called fluxions and Leibniz the dJ^eren- 
tial method (out of which the diOercntial and integral 
calculus have developed) grew in intensity and fresh com¬ 
batants were drawn into it on both sides. Half a century 
in fact elapsed before Newton^a views made any substanti^ 
progress on the Continent (ch chapter xi., § 229). In our 
country the case was different; not only was the Prinitph 
read with admiration by the few who were capable of 
understanding it, but scholars like Bentley, philosophers 
like Locke, and courtiers like Halifax all made attempts 
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to NewioTi’3 general ideas, even though Uie detaifs 
o( his mathematics were out: of Lhcir range. It was ntore-^ 
over 30 on discovered that hia scientific ideas could be 
used with advanhigc ns theological arguments. 

192. One unforiutiate result of the great success of the 
Pnnn/ja was that New ion was changed from a quiet 
Cambridge professor, with abundant leisure and a slender 
income, into a public character, with a continually increas¬ 
ing portion of his time devoted to public business of one 
sort or another. 

Just before the publication of the he had been 

appointed one of the representatives of his University to 
defend its rights against the encroachments of James II., 
and two yeaR liter he sat as member for the University 
in the Convention Parliament, though he retired after its 
dissolution. 

NciwithsUnding these and many other distractions, he 
continued to work, at the theory of gra,vitation, paying 
p^icular attention to the lunar theory, a difiicult subject 
with his treatment of which he was never quite satisfied.* 
He Was foriunatcly able to obtain from time to time £rSit‘ 
rate observations of the moon (os well os of other bodies) 
from the Astronomer Ro'yal Flamsteed (chapter x., §§ 197-8), 
though Newion^s oontinUdil requests and Flamsteed's occa¬ 
sional refusals led to strained relations at intervals. It is 
possible that about this time Newton contemplated writing 
a new treatise, with more detailed treatment of various 
points discussed in the Prindpia ^ and in 1691 there was 
already some talk of a new edition of the Pr/ncipia, possibly 
to be edited l>y some younger mathematician. In any 
Cose nothing serious in this direction wits done for some 
years, perhaps owing to a serious illness, apparently some 
nervous disorder], which attacked Newton in 1&92 and 
lasted about two years. During this Olxicss, as he hlmst^ 
said, ^*he had not his usual consistency of mind,” anti it is 
by no means certain that he ever recovered his full mentd 
activity and power. 

Soon after recovering from this illness he made some 

“ He wicc toW Halley ia deapair that tie lujiar theory miide 
hia bead aeb« fu^d kept him awake ao efccn that be would think rrf 
it ita morr." 
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nri‘mrationa fur a nt'''' edition of ihq Prina/tay besides 
going ofl with the lunar theory, but the work was agatn 
Sri^pted ill 1695. received [he valuable 

ment of Warden to tlie MiciL, from whidi he was promoted 
to the Mastership four years later* He had, m conse' 
quLUcc, to move to London (tfigd), and niu^ of Jus time 
das henceforward occupied by o^cml duties* 
he resigned his professorship at Cambtt^e, and m the 

of the Royal Society, an office which he held till 
hts death, and in 170S he was knighted on the occasion of 

"SrTlht'itme hi. 

0/>iia the bulk of which was probably wnlien long 

SSIS r,™ he #n=U!y •h' i<l« "f,■=*«”« 

/V/uaVlia WlHse'h hir the worit (a I* done by 

sl^/cotaimt-niS), the brilliant youngraatheiMtiOiin 
death 1 few yeiiB later called from Newton 
*e tooreol^. “If Mn Co>« had U«d we n.ight 
W known .otSSring." The alEoation. to I* 
discussed in a long and active correspondence between the 
edU« and aotho>. the most important ctenges beii« 
ta^,™enl5 and additions to the lunar th™ty and to 
rKiJ^fli^cussions of precession and of comets, though there 

were 0^0“ of “‘"O'; ^ 1 ®“ = 

new edWoo alS^^d i" -I-I A tWrd rf.Uon. edtttd b, 

Pemberton w^published in 173&, but this time Nemon, 
Pemoerton, _ , rtinch less pirts and the alterations 

of Kieodlic^ork, and hi. death occuned in the fallowing 

’'T,rir£"mp-lwe <0 Pvo - 

immense magnitude of Newton's seiennlic riscovenB 
except by a free use of the roalhemati^ “tSII 
which the bulk of them were expieMed. 

■mssed on him by his 1“™'“'' *™my Uibnu l^b 

“Taking mathematics efa Le w“ 

to the time when Newton lived, what he 
much the better half." and ‘'“/'■"f ™e 

eessor Lagiange (chapter at., §agj), » 
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gre:ite5E, genii^s that eircr existed, and the most fonunitej 
for we Cam not find more than otice a of the world 

to establish,” shew the immense resp^t for hts work felt 
by those who were most competent to judge iti 

With these magnificent eulogies it is pleasant to comiwue 
Newion'^s own grateful recognition of his predecessors, 
•^ir J have seen further than other men, it is because I 
have stood upon the shoulders of the giants,” and his 
modest eshtnate of his own perfonnances:— ■ 

dQ not knou' what I toay appear to the world; but to 
myself I seem to have been only like a boy playing on the sea¬ 
shore, and diientng luyseLf in now and then hndtng a smoother 
pebble ur a prettier shell than ordiociry, whilst die great ocean 
of truth lay all undiscovered before me." 

194. It is sometimes said, in explanation of the difiier' 
ence bctm'Cen Newton's aohievements and those of earlier 
astronomets, that whereas they discovered jlitfso the celestial 
bodies moved, he shewed why the motbns were as they 
were, or, in other w'ords, that they dcstrihed motions white 
he rxplaimd them or asccrtaii^ their cause. it is, 
however, doubtful whether this dtstinction between How- 
and Why, though undoubtedly to some extent convenient, 
has any real validity. Ptolemy, for example, represented 
the motion of a planet by a certain combination of epl^ 
cycles ; his scheme was equivalent to a particular method 
of describing the motion; but if any one had asked him 
why the planet would be in a particular position at a 
particular time, he might legitimately have answered that 
it was so because the planet was connected with this par¬ 
ticular system of epicycles, and its place could be deduced 
from them by a ngofous process of calculatconr Dut if 
any one had gone further and asked why the planet’s 
epicycles were as diey were, Ptolemy could have given no 
answer. Moreover, as the system of epicycles differed in 
some important respects from pbnet to planet# Iholeuiy's 
system left unanswered a number of questions which 
obviously presented themselves.. Then Coppcmicus gave 
a partial answer to some of these questions. To the 
question why cerca.in of the planetary motions, correspond¬ 
ing to certain epicycles# existed, he would have replied that 
it vfas because of certain motions of the earth, from w'hich 
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these (apparent) planetary inotionf could be deduced as 
necessary consequences. But the same inrormation could 
also have l^ecn given as a mere descriptive statement that 
the earth iudvcs in certain ways and the planets move in 
certain other ways. But again, if Coppernicus had been 
asked why the earth rotated on its a;ti3) or why the planets 
revolved round the sun, he could have given no answer j 
still less could he hove said why the planets had certain 
irregularities Eo their motion:^, representt^ by his epicycles. 

Kepler again described the same motiorus very much 
more siniply and shortly by means of his three laws of 
planetary motion; but if any one hod asked why a planet's 
motion .varied in certain ways, he might have replied [hat 
It was because ail planets moved in ellipses so as to sweep 
out oqua] areas in equal times. this wus so Kepler 

was unable to say, though he spent much time in specu¬ 
lating on the subject. This question was, however, answered 
by Newton, who shewed that the planetary motions were 
necessary consequences of his law of grttvitation and his 
taws of motion^ Moreover from these same laws, which 
Were extremely simple in statement and few' in number, 
followed as necessary consequences the motion of the 
moon and many other astronomical phenomena, and also 
certain familiar terrestrial phenomena, such as the behaviour 
of falling bodies; so that a large number of groups of 
oijscrved facts, which had hitherto liecn disconnected from 
one another, were here brought into connection as neces¬ 
sary consequences of certain fundamental laws. But a^in 
Newton's view of the solar system might equally well be 
put as a mere descriptive statement that the planets, etc., 
move with accelcmtiona of certain mi^miudcs tow'arda one 
another. As, however, the actual position or rate of motion 
of a planet at any time can only lie deduced by an extremely 
elalwratc calculation from Newton's laws, they are not at 
all obviously equivalent to the observed celestial motions, 
and we do not therefore at alt easily think of them as being 
merely a description. 

Again Newton's laws at once suggest the question why 
bodies attract one nnother in this jjarticulaT way ; and this 
question, which Newton fully recognised as legitimate, he 
was unable to answer. Or again we might ask why the 
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pbncis are of certain siseSj at certain distances from the 
sun, etc., and to these questions again Newton could give 
no ansnrcr^ 

But whereas the questions left unanswered by Ptolemy, 
Coppermicus, and Kepler were in whole or in |>on answeted 
by their successors, that i-% their unexplained facts or 
laws were shewn to be necesaaty consequences of other 
simpler and more general laws, it happens that up to the 
present day no one has l>een able to answer, in any satis- 
factoiy way, these questions which Newton left unanswered- 
fn this particular direction, therefore^ Newton's laws mark 
the Iwundary of our present knowledge. But if any one 
were to succeed this year or next in shewing gTavitntion to 
be a consequence of some still more general law, this tiew 
law would still bring with it a new Why. 

If, however, Newton's laws cannot be regarded as an 
ultimate explanation of the phenomena of the solar system, 
except in the historic sense that they have not yet been 
shewn to depend on other more fundamentaJ laws, their 
success in explaining," with fair accuracy, such an immense 
mass of observed results in all parts of the solar system, 
and their universal chamcter, gave a powerful impetus to 
the idea of accounting for observed facts in other depart¬ 
ments of science, such as chemistry and physics, in some 
similar way as the consequence of forces acting between 
bodies, and hence to the conception of the matenaJ universe 
as made up of a certain numlKr of bodies, each acting on 
one another wirb dehnitc forces in such a way that all the 
changes which Can be observed to go On are necessary 
consequences of these forces, and are capable of prediction 
by any one who has sufheient knowledge of the forces and 
sufhetenr mathematical skill to develop their cGnsequenceSr 

Whether this conception of the material universe is 
adequate or not, it has undoubtedly exeicued a very 
important inliuence on sclcntihc discovery as well as on 
phitofiophicat thought, and although it was never formulated 
by Newton, and parts of it would probably have been 
repudiated by him, there are indications that some such 
ideas were in his head, nnd those who held the conception 
most firmly undoubtedly derived their ideas directly or 
indirectly from him. 
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[9<5. Newton’s sd^nii^c method did not diiTer essentialCy^ 
fram limt followed by GaJilei {chapter vi.^ § ^^4)» which 
has b«en variously described as complete iBQUCtioa or 
as the invono deductive meUiod^ the djCTerence in name 
Corresponding to a diflcrencc in the stress laid upon 
diflerenE parts of the same general process. Facts are 
obtained by observation or experiment; a hypothesis or 
provi^ioiwil theory is devised to account for thein; from 
this theory arc obtained, if possible by a rigorous process 
of deductive reasonings certain consequences capable of 
beir^ compared with actual facts, and the comparison is 
then nude, tn some cases the drst process may appear 
as the more important, but in Newton’s work the really 
convincing part of the proof of his results lay in the 
vmhmtion involved in the two last processes. This has 
perhaps been somewhat obscured by his famous remark, 
/J^'/>otht^ses H^njSnga (I do not invent hypotheses), dissociated 
fram its context. The words occur in the conclusioia of 
the Pn'fiiipiiif after he has been speukirig of universal 
gravitation 

*' 1 have not yet been ahk to dcdyce from 

pbenomena the reason of tlvese properties of gravitation, and 
1 do not invent hypotheses. For any thing which cannot be 
deduced from phenomena shoidd be enUed a hypothesis." 

Newton probably had in his mind such speculations as 
the Cartesian vortices, which could uot be deduced directly 
from obscmiiions, and the consequences of which cither 
could not be worked cut and compared with actual facts 
or were inconsistent wish them. Newton in fact rejected 
hypotheses which were unvertfioble* but he consuintly made 
hypotheses, suggested by observed facts, and verified by 
the agreemenii of their consequences with fresh observed 
facts* The extension of gravity to the moon {§ 173) is a 
good example: he was a^uainiod with certain facts ns to 
the motion of faHing bodies and the motion of the moon; 
it occurred to him that the earth's attmction might extend 
as far as the moon, and certain other facts connected with 
Kepler’s Third l*aw suggested the law of the inverse 
square. If this were right, the moon’s acceleration towards 
the earth ought to have a certain value, which could be 
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obtained by calculation. The calculation was made and 
found to agree rougbly with the actual motion of the 
moon. 

Moreover it may be fairly urged, in illustration of the 
great importance of the process of verification, that 
Newton’s fundamental laws were not rigorously established 
by him, but that the deficiencies in his proofs have 
been to a great estent filled up by the^ elaborate pro¬ 
cess of verification that has gone on since. For the 
motions of the solar system, as deduced by Newton from 
gravitation and the laws of motion, only agreed roughly 
with observation j many outstanding discrepancies were 
left; and though there was a strong presumption that 
these were due to the necessar)' imperfections of Kewton^s 
processes of calculation„ an immense expenditure of labour 
and ingenui^ on the part of a series of mathematicians has 
been requtr^ to remove these discrepancies one by one, 
and as a matter of find there remain even to-day a few 
small ones which are unexplained (chapter xiin, § ago);. 


CHAFIIiR X. F 

OtfiEkVATIONM, ASTRONOWV IN THE iStH ClLJlTl/kV* 

"Through Ncwion thoufr had made ■ great advajice and was 
ahead of olncrvatSap; the laller now mide ciToEla to cohic Onde 
fliurc leveJ with theory "—BR*5ir-. 

Nemtj'on viituaJIy created a new department of 
astronomyt gfravitatioim artroaomyj. as ft is often cill^r 
and bequeathed to hia successoirs the problem of deducio^ 
mote fully than he had succeeded in doing the motions of 
the celestial bodies from their mutual gravitation. 

To the solution of this problem Newton's own country¬ 
men conlfihnted next to nothing throughout the iSth 
centuryjand his true successms were a group of Continental 
muthematidans whose work began soon after his deaths 
though not tilt nearly half a century after the publication 
of the Pritfdpia. 

This failure of the British mathematidans to develop 
Newton’s discoveries may be explained as due in part to 
the absence or scarcity of men of real abilityj, but in part 
also to the peculiarity of the mathematical form in which 
Newton presented his discoveries. The Prindpm is written 
almost entirely in the language of geometryn modified in 
a special way to meet the requirements of the case; nearly 
all subsequent progress in gravitational astronomy has 
been made by mathemiiical methods known as analyaii- 
Although the distinction between the two methods cannot 
be fully appreciated except by those who have used them 
both, it may perhaps convey some impreaion of the differ¬ 
ences between them to say that in the geometrical treatment 
of an aslronomicai problem each step of the reasoning is 
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CKpresJied in such a ■w-ay as lo he capable of bein^ inter- 
pirci,ed in, terres of the originaJ problein^ whereas in the 
analytical treattnent the problem is first expressed by 
means Df algebtai'caJ symbols - these symbols are manipulated 
according to certain purely formal rules, no regard being 
paid to the interpretation of the intermediate steps, and 
the final algebrai^ result, if it can be obtained, yields on 
interpretation the solution of the original problem. The 
geometrical solution of a problem, if it can be obtained, 
is frequently shorter, dearerj and more elegant j but, on 
the other hand, each special problem has to be considered 
separately, whereas the analyUcaJ solutior; can be con¬ 
ducted to a great extent according to fixed rules applicable 
in a larger number of cases. In Newton's time modem 
analysis was Only just coming into being, some of the most 
important parts of it being in fact the creation of Leibnijt 
and himself, and although he sometimes used analysis to 
solve an astronomical problem, it was his practice to translate 
the result into geometrical language before publication j in 
doing so he was probably influenced to a large extent by 
a personal preference for the elegance of gcomctricaJ proofs, 
partly also by an unnillingncss to Increase the numerous 
difficulties contained in the /V'mo/i'fu, by using mathematical 
methods which were comparatively unfamtliar. But though 
in the hands of a master Itlie Newton geometrical cnethods 
were capable of producing astonishing results, the lesser 
men who followed him were scarcely ever capable of using 
his methods to obtain results l>e>'ond those which he 
himself had reached. Excessive reverence for Kewton and 
all his n'ays, combined with the estrangement which long 
subsisted l^etween British and foreign mathematicians, as 
the result of the fluxionaJ controversy (chapter ix., § ipi), 
prevented the former from using the analytical methods 
which were being rapidly perfected by Leibnia’s pupils and 
other Continental mathematicians. Our mathematicians 
remained, therefore, almost isolated during the whole of the 
tSth century, and with the exception of some admirable 
Work by Cofin AfaHitvn'fi (i 698-1746), which cstried 
Newicni’a theory of the figure of the earth a stage further, 
nothing of importance was done In our country for nearly 
n century after Newton's death to develop the theory of 


♦ CeniiniHi&i Anafysts und English 149 

gravitation bej'ond the point m Ti^bich it was left in the 
Ptincipia, 

In other departments of ascronomy, however, impartant 
progress was made Iwth during and after Newton^a lifetime, 
and by a curious inversion, while Newton's ideas were 
developed chieAy by French mathematicians, the Observa¬ 
tory of Paris, at which Picard and others had done such 
admirable work (chapter viii+p §f r6o—a), produced little of 
real importance for nearly a century afterwards, and a large 
part of the brat observing work of the iSth century was 
done by Newton's countrymerL It wilt be convenient to 
separate these two departments of astronomical workj and 
to deal in the nest chapter with the development of the 
theory of gravitation^ 

tpj. ITie first of the great English obiservers was 
Newton's contemporary Jahn Plamstetdf w'ho was born near 
Derby in t64& and died at Greenwich in Unfor¬ 

tunately the character of his work was such that, morked 
as it was by no brilliant discoveries, it is difl&cult to present 
it in an attractive form or to give any adequate idea of 
its real extent and importance. He was one of those 
laborious and careful investigators, the results of whose 
work are invaluable as material for subsequent research, 
but are not striking in themselves* 

He made some astionomkal observations while qmte a 
boy, and wrote several papers, of a technical character, on 
astronomical subjects which attracted some attention. I n 
167s he was appointed a member of a Committee to report 
on a method for finding Ute tontiiude at sea which had 
been offered to the Government by a certain 1 ren^man 
of the name of Si. Pierre, 'the Committee, acting largdy 
on tlamsEced^s advice, reported unfavourably on the 
method in question, and memoriaiised Charles 
favour of founding a national observatory, in ordi^ that 
better knowledge of the celestial bodies might lead to a 
satisfactoty method of finding the longitude, a problem 
which the rapid increase of English shipprng rendered of 
great practical importance. The King having agreed, 
tlanistecd same year appoLnteu to the new 

” December 1719, uccartlinB W the unrvformed akader (.O.S.) 

Then In. UM in Lngfvnd* 
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office of Astronomer Royal^ with a salary of ^£"100 a year, 
awd the warrant for buSIditig an Observatory at Greenwich 
was signed on June lath, 1675* About a year was occupied 
in building it, and Flamste^ toot up hia residence there 
and began work in July 1676, five years after Cassini 
entered upon his dirties at the Observatory of Paris 
(chapter vifi., § 160), I he Greenwich Observatory was 
however, on a very different scale from the tnagnificent 
^ster institution. The King had, ft is true^ provided 
FJarnstecd with 3 building and a very small salary, but 
furnished him neither with instruments nor with an assist- 
anL A few instruments he possessed already, a few more 
were given to him by rich friends, and he gradually made 
at his own espenae some further instrumental additions of 
importance. Some years after his appointment the Goverm 
ment provided him with “a silly, surly labourer " to help 
him with some of the rough work, but he was compelled 
to provide more skilled assistance out of his own pocket, 
and this necessiy in turn compelled him to devote some 
part of his valuable time to taking pupils. 

15a. Flamsteed’s grtsit work was the construction of a 
more aerate and more extensive star catalogue than any 
that existed I he also made a number of observations of 
the moon, of the sun, and to a less extent of other bodies. 
hu , author of the last great star catalogue 

(chapter v,, § toj), he found problems continually preserjiing 
themscl^s m the course of his woik which had to bi 
solved before his mam object could be accomplished, and 
wc aceoidmgly owe to him the invention of several improve^ 
^onomy, the best known being his 
meth^ of finding the position of the first point of Aries 
(chapter n,, § 43% one of the fundamental points with 
reference to which all positions on the celestiai^here are 
dcfinedH He was the first astronomer to use a clock 
systematically for the determination of one of the two 

fix”thTi!iSL^“T ascension) necessary to 

fix the positron of a star, a method which am first suitgested 
and to some extent used by Picaid {chapter viiT,f 157). 
and, as swn as ho could get the necessary instrument 
the telescopic sights Gascoigne and 
Auzout (chapter vjir., § 155)^ instead of making nSted'eye 
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observations. I'hns while Hevel (chapter viii., § 153) 
was ihe last and most accurate gbsemr of the old school, 
crTt|>loyLng mcrthod^ not differing essentialtjf from those 
which had been in use for ceniuries, Hamsieed belongs 
to the new school, and his methods differ rather in detail 
than in principle from those now' in vogue for similar work 
at Greenwich, Paris, or Washington, This adoption of 
new methods, together with the most scrupulous care in 
details, rendered Flamsteed's observations considembly 
more accurate than nny made in his time or earlier^ the 
first definite advance afierwaids being made by Bradley 

Flamsteed compared favourably with many observers 
by not merely taking and recording observations, but by 
performing also the tedious process known as reduction 
($ 31S), w'hereby the results of the observation are put 
into a form suitable for use by other astronomers; this 
process is usually performed in jmoderrr observatories by 
assistants, but in Flam-steed’s case had to be done almost 
exclusively by the astronomer himself. From this and 
other causes he was extremely slow in publishing observa¬ 
tions; wc have already alluded (chapter ix., § 193) to the 
difikuliy which Newton had in extracting lunar oljseTvations 
from him, and after a time a feeling that the obj^t for 
which the Observatory had been founded was not being fuF 
filled became pretty general among astronomers- Flamsteed 
always suffered from bad health as well as from the 
pecuniary and other difficulties which have Ijten referred 
to ; moreover he was much more anxious that his observa¬ 
tions should be kept back till they were as accurate as 
possible, than that they should be published in n less 
perfect form and used for the rEscai^es which he once 
called *' Mr. Newton's crotchets ; conseouently he took 
remonstrances about the delay in the publication of his 
observations in bad part. Some painful quarrels occurred 
between Flamsteed on the one hand and Newton and 
Halley on the other* The last straw was the unauthorised 
publication in 1713, under the editorship of Halley, of a 
volume of Flamsteed's ohaervaiions, a proceeding to which 
kiamsteed not unnaturally replied by calling Halley a 
'''malicious thief/* Three years later he succeeded in 
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gettiEig hold of all the unsold copies and in destroying 
ihein, foUunaidy he was also stimujatod to prepare 
for pubhottian an authentic cdiLion. The lEstorin C&eiesiu 
Sntanmea^ 5S he called the bookj contained an itnmense 
series of obscrvaEions made both before and during his 
career at Greenwich, but the most important and per¬ 
manently valuable part was a catalogue of the places of 
nearly 3,,000 stars.* 

Flamsteed himself only lived just long enough to finish 
the second of the three volumes; the third was edited 
^ his assistants Abraham Sharp (1651-174^) and 
Crosihwait; and the whole was published in 1725. Four 
years later still appeared his valuable Stai'AtlaSj which 
long remained in common use. 

The catalogue^ was not only three tirnes as extensive as 
Tychos, which it virtually suojceded, but was also very 
much more aocuraie. It has been estimated t that, whereas 
rychos detenn Enations of the positions of the stars were 
on i^e average about i' in error, the corresponding errors 
m Flamsteed's case were about 10" This quantity is the 
apparent diameier of a shilling seen from a distance of 
about siw yards j so that if two marks were made at 
oppcmte points on the edge of the coin, and it were placed 
at a distance of 500 yards, the two marks might be taken 
to represent the true direction of an average star and ks 
direction as given in Flamsteed^ catalogue. In some 
CMes of course the error might be much greater and in 
others considerably less. 

Flamsteed contributed to .nstronomy no ideas of firsL-rate 
importance ; he had not the ingenuEiy of Picard and of 
-Koetner in devising instnimentai improvements, and Ire 
took hide interest in the theoretical work of Newton tt 
but by unflagging industry and scrupulous care he suixeeded 
in Ocqueathing 10 his successors an immense treasure of 


t ^ but i? of ibt^ .rg dupliatea, 

t »J Be»d (cliapttr upL, $ a77). 

t The reluipn between the work of narajlnd anij that of on 
i^esprcaaed with nwe CunvcInoB than jowd liiti by the two 
octronoraen themulvn, Ib the ceurK of Ksnt duvnl (t-bour the 
hioor theory : ‘■Sr wor^ with the on: I h>™v* » lf he 

dug' the ore,. | nio4c the gold ring,” 
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ohscrvuiionJEt eiecuicd vtiih all the accuracy ihai his in- 
sLnfmCtital means pcnnktcd. 

I’laiusteed Was succeeded as Astrunomcr Royal 
by ICdrauad Halley, whom wc have already met wuh 
(chapter ix., § 176) as Kewion^s friend and helper. 

Horn in i6s6h ten years after IHanisteed, he studied 
astronomy in his schooldays, and published a paper on the 
orbits of the planets as early as ibyfi. In the same year 
he set ofT for St. Helena (in latitude 16* S,) in order to 
nrake ol^rvatbns of stars which were too near the south 
pole to be visible in Europe. The climate turned out to 
l»e disappointing^ and he was only able after his return 
to publish (1678) a catalogue of the places of 341 southern 
sLrrs, which constituted, however^ an important addition 
to precise knowledge of the stars. The catalogue was also 
reinarkahte as being the first based on telescopic observa¬ 
tion, though the observations do not seem to have been 
tiken with all the accuracy which his instruments rendered 
aliainahle. During his slay at St. Helena he also, tools 
a number of pendulum observations which conlirmed the 
results obtained a few^ years Ijcfore by Richer at Cayenne 
(chapter viii., § 1 fir), and also observed a transit of Mercury 
across the sun, which occurred in November rfiyj. 

After his return to England he toot an active part in 
current adentilic questions^ particularly in those connected 
with astronomy, and made Several smalt contributions to 
the subject. In 16S4, as we have seen, he first came 
effectivvily into contact with Newton, and spent a good 
part of the next few years in helping him with the 

aoD. Dr his numerous contributions to astronomy, which 
touched alinosi every brunch of the subject, his work 
on Comets is the best known and probably the most 
important. lie observed the comets of 16S0 and ifiSa ; 
he worked out the paths both of these and of a number 
of other recorded comets in accortlance with Newton^a 
principles, and contiibutcd a good deal of the material 
contajoed in the sections of Printipi^ dealing with 
comets, particularly in the later editions- In 1705 he 
published a Synapsis of Cvw/ary Astronomy in which no 
less than ^4 cometary orbits were calculated. Struck by 
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the resemLlaiicc beivcen ihe paths d.esHcrtbe<l bjf the 
comets of 1531, 1607, and ifiBi, and by the approximate 
equality in the intervals beti^een their respective appieoi- 
ances and that of a fourth comet seen in ^456, he was 
shrewd enough to conjecture that the three later comets, 
if not ail four, were realty different appeamnccs of the same 
eometj which revolved round the sun in an elongated 
ellipse in a period of about 75 or 76 years. He explained 
the didbreriiCe between the 76 years which separate the 
appearances of the comet in 1531 and 1607, and the slightly 
shorter period which elapsed between 1607 and as 

probably due to the perturbations caused by planets near 
w'hich the comet had |>assed; and hnally predicted the 
probable reappearance of the same comet {w^hich now 
deservedly bc^ hh name) about 76 years after its last 
appearance^ i.e. about 1758, though he was again aware 
that planetary perturViation might alter the time of its 
appearance ; and the actual appearance of the comet about 
the predicted lime (chapter xi., § 231) marked an important 
era in the progress of our knowledge of these extremely 
troublesome and erratic bodies. 

20j. In 1693 Halley read before the Royal Society a 
paper in which he calkd attention to the diB^culty of 
reconciling certain ancfcnt eclipses with the known motion 
of the moon, and referred to the poitsibility of some slight 
increase in the moon^s average rate of motion round the 
earth. 

Thut irregularityj now known as the iecuLu acooloratioii 
of the moon a mean motiaat was aubsequcntly more 
definitely established as a fact of observation; and the 
difficulties met with in explaining it as a result of gravitation 
have rendered it one of the most interesting of the 
moon's numerous irregutanties (ch chapter xi., § 340, and 
chapter xiii., | 2S7), 

202. Halley alw rendered good service to astronomy 
by calling attention to the importance of the expected 
transits of Venus across the sun in 1761 and 1769 as a 
means of ascertaining the distance of the sun. The 
method had been suggested rather vaguely by Kepler, and 
more definitely by James Gregory in his 0 />fia published 
in The idea was first suggested to Halley by 
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his obsemlion of the iransit of Mercury iri 1677. In 
three papers publishLtl by tlie Royal SMiety lie spoke 
wajmly of tJic adv-antages of the raethodj and dii»cussed 
in some detail the places and means most suluble for 
observing the transit of t76it He pointed out that the 
desired losuti could be deduced from a coniporison of 
the durations of the transit of %*'enus, as seen from different 
stations on the earth, j'f. of the intervals between the (i«t 
appearance of Venus on the sun's disc and the final dis¬ 
appearance, as seen at two or more difTercnt stations He 
estimated, moreover, that this interval of time, which would 
l>e several hours in length, could be measured with an 
error of only about two seconds, and that in consequence 
the method might be relied upon to give the distance of 
the sun to within about part of its true s-alue. As the 
current estimates of the sun’s distance differed among one 
another by ao or 50 per cent, the new method, espounded 
with Halley’s customary lucidity and enthusiasm, not un¬ 
naturally stimulated astronotners to take great trouble to 
carry out Halley’s rccommendalioni The results, as w'c 
shall see (§ 327), wctc, however, by no means equal to 
Halley's expectations. 

203. In 1713 Halky called attention to the fact that 
three welMuiown stars, Sirius, Procyon, and Arcturus, had 
changed their angular distances from the ecliptic since 
Cireek times, and that Sirius had even changed its position 
perceptibly since the time of Tycho Bmhc. Moreover 
comparison of the places of other stars shewed that the 
changes could not satisfactorily be attributed to any motion 
of the ecliptic, and although he was well aware that the 
possible errors of observation vvero such as to introduce 
a considcTable uncertainty into the amounts involved, he 
felt sure that such crrots could not wholly account for 
the discrtponcics noticed, but that the stars in question 
must have really shifted their positions in relation to the 
rest; and he naturally inferred that it would be possible 
to detect similar propeir mo^oiu (as they are now called) in 
other so-called fixed " stars. 

204. He also devoted a good deal of time to the stand¬ 
ing astronomical problem of improving the tables of the 
moon and planets, particularly the formen He made 
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observations of tht moon as turly as 16S5, and by means 
of them effected some improvement in the tables. In 
1676 he had alteady noted defats in the existing tables 
of Jupitet and Saturn, and ultimately satisfied himself of 
the existence of certain iiregulanties in the motion of these 
two planets* suspected long ago by Honocks (chapter viii., 
§ 156)^ these IrregulanEics he amibuted ooirectly to the 
perturbations of the two planets by one another, though 
he was not rnathemaiidan enough to workout the theory; 
from observation, however* he was able to estimate the 
irregularities In question w ith fair accuracy and to Improve 
the planetary tables by making allow^ance for them. Hut 
neither the lunar nor the planetary tables were ever com¬ 
pleted in a form which HalJcy thought satisfactory. By 
they were printed, but kept back from publication, 
in hopes that subsequent improvements might be effected. 
After his appointment as Astronomer Royal in succession 
to Flamsteed (1710) he devoted special attention to gcitliTg 
frtsh obscrvaiions for this purpose* but he found the 
Observatory almost bane of instTuments* those used by 
Mamsteed having been his private property, and having 
been removed as such by his heirs or creditors. Although 
Hatley procured some instnimenti* and made with them 
a number of observations, chiefly of the moon* the age (63) 
yhith he entered upon his offroc prevented him from 
initiating much* or from carrying out his duties wtUi great 
energy, and the observations taken were in consequctrcc 
only of secondary importance, while the tables for the 
rinprovement of which they were specially de^ignud were 
only finally published in 1752, ten years after the death 
of their author. Although they thus appeared many years 
after the time at which they were virtually prepared and 
owed little to the progreas of science during the interval, 
they at once became and for some time remained the 
standard tables for both the lunar and planetary niotions 
(efi § 2 i 6* and chapcer xi,, § 547). 

205, Halley's temaikablc versatility in scientific work is 
further illustrated by the labour which he expended in 
editing the writings of the great Greek geometer Apollonius 
(chapter it,* § 33) and the star catalogue of Ptolemy 
(chapter tt.* § 50). He was also one of the fir^t of modem 
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astrononi&rs ld p3,y carcfti! Q,itciiUon to the cflccls to ^ 
observed during a total eclipse of the sun, and m the 
vivid description which he wrote of the eclipse of i7^Ss 
besides referring to the mysterious coronet which Kepler 
and others had noticed before (chapter vn., §/4 SJp 
called attention also to a ven? narrow streak of i dusky 
but strong Red Light," which was evidently a portion of 
that remarkable envelope of the sun which has been so 
cxtensivTly studied tn modem limes (chapter xur., s 
under the name of the chromosphere. , tt - 

It ia worth while to notice, aa an illu-itration of Halleys 
unselfish cnthusicuim for science and of his power of IwVmg 
to the future, that two of his most important pieces of wor^ 
by which certainly he is now beat known, ntcc^an y 
appeared during his lifetime as of little value, and on y 
bore their fruit after his death (17433. comet only 

returned in 1759, when he had been dead ij yems, and 
the first of the jiair of transits of ¥enua, from which he 
had shown how to deduce the distatice of the sun, took 
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FcUow of the Royal Soacty. But, as hu 
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biographer • remarkSj “ k could tlof be foreseen that his 
astronomical labours would lead to an)'^ establishment in 
life^ and it became necessary for him 10 embrace a pro¬ 
fession." He accordingly took Orders, and was fortunate 
enough to be presented almost at once to two livings, the 
duties attached to which do not sccm to have interfered 
appreciably irith the prosecution of his astronomical studies 
at Wanstedr 

Ln rjji he was appointed Savilian Profesor of Astro- 
nomy at Oxford, and resided his linnpL The work of the 
professorship appears to have been very light, and for more 
than ten years he continued to reside chiehy at Wansted, 
even after his uncle^s death in t794. ]n 1731 be took a 
house in Oxford and set up there most of his instruments, 
leaving, however* at W'ansted the most important of all, 
the "iscnith-sector,” with which his two famous discoveries 
were made. Ten years afterwards Halley's death tendered 
the post of Astronomer Royal vacant, and BradEcy received 
the appointment. 

'rhe work of the Observatory had been a good deal 
neglected by Haltey during the list few years of his life, 
and Bradley's first care was to effect necessary repairs in 
the instruments. Although the equipment of the Obser¬ 
vatory with mstruments worthy of its position and of the 
state of science at the time was a work of years, Bradley 
had some of the most important instruments in good 
working order within a few' months of his appointment, 
and observations were henceforward made systematically* 
Although the ao remaining years of his life (1741-1765) 
w-ere chicly spent at Greenwich in the discharge of the 
duties of his Q^ce and in resewches connected with them, 
he retained his professorship at Oxford* and continued to 
make observations at Wansted at least up till 1747. 

207. The discoveiy of aberration resulted from an attempt 
to detect the parallai^ic duplaccmcnt of stars which should 
result from the annual motion of the earth. Ever since 
the Coppemtean controversy had called attention to the 
importance of the problem (cf. chapter iv., §92* and 
chapter vi., § 129)1 bad naturally exerted a fascination. 

* Ripwud, in the rarniDira I® Brufley's MfiffihtftfQtia 

fVvrAs. 
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on the mEncls of ohscnrving astrononveis^ many of whom had 
tried to detect the motion in question, and some of whom 
{including the *'uni^-ersal claimant^ Hooke) professed to 
juve sucoa^cd. Actua/lyj however^ all previous attempts 
Iwd been faiiuies, and Bradley was no more successful than 
h|S predecessors m this jxtrticular undertaking, but was 
aide to deduce from his observations two results of great 
interest and of an entirely unexpected cliaracter. 

The problem which BmdJty set himself was to examine 
whether any star could be seen to have in the course of the 
ycM a stight motion relative to others nr relative to fixed 
points on the celestial sphere such as the pole. It was 
known that such a motion, if it existed, must i>e very 
small, and it was therefore evident that extreme delicacy 
in instrumental adjustments and the greatest care in obser¬ 
vation would have to be employed, Bradley worked at first 
m conjunction with h is friend Samue/ M^t/jtteux (j 689-17 aS), 
who had erected a tel&^pe at Kew. I n accordance wi th the 
method adopted in a similar investigation by Hooke, whose 
result it was desimd to test, the telescope was fixed in a 
nearly vertical position, so chosen that a particular star in 
the Dragon (y DraMnis) would be visible through it when 
It crossed the meridian, and the telescope was mounted 
wtth great can? so as to maintain an invariable position 
throughout the year. If then the star in question were lo 
Undergo any motion which altered its distance from the 
pole, ^ere i^uld be a corresponding alteration in Use posi¬ 
tion in which it would he seen in the field of view of 
[he telescope. The first observations were taken on 
December r^th, 1715 (KS.), and by December aSth 
Bradley believed that he had already noticed a slight dis¬ 
placement of the star towards the south, I’his motion 
was clci^ly ii'ctifit.'d on January ist, and was then observed 
to continue; in the following March the star reached its 
extreme southern position, and then began to move north¬ 
wards again. In September it once more altered its 
direction of motion, and by the end of the year had 
completed the cycle of Us changes and returned to its 
original position, the greatest change in position amounting 
to nearly 40^. 

The star was thus observed to go [brougb sttjnt annual 
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iflolifln. It was, however, at once evident to Bradley il^t 
this motion was not the paraJlnctio motion of whi^ he 
was in search, for the position of the star was such that 
paraltiK would have made St appear farthest south in 
JXcember and farthest north in June, or in tach case three 
months earlier than was the case in the actual obsei^tiOJ^s. 
Another explanation which suggested itKlf was that the 
earth’s axis might have a to-and-fno oscillatory motion or 
nutation which would alter the pMition of the cel^tial pole 
and hence produce a corresponding alteration in the position 
of the star. Such a motion of the celestial pole would 
evidentty produce opposite effects on two stars situated on 
opposite sides of it, as any motion w^hich brought the pole 
to oinc stm of such n ps^it would ttcc>M?i£Lnly uwvc 
it away from the other. Within a fortnight of the decisive 
observation made on January 1st a star* had already txmn 
selected for the application of this test, with the result which 
can. best be given in Bradley’s own words 

^ A nutation of the earlh'9 aiis was on^ pf the first things tlial 
nftenid iiself upon this twcaaion, but it was Boon found lo be 
insufEcient; fat though il might have accounted for the chi 3 llg^^ 
of dediuatiofi in r RfaconiB, yet it would not at the same time 
agree with the phaenomcna in other stars ; particularljr' in a Email 
one almost oppoaiic in right asecnaian to y DraconiB, at about 
the same distance from the north pole of the equator: for though 
this star seemed to move tfie same way as a nutation of the 
cartli's axis would have moile itn yet. it changing its declination 
but about half as much aa y Draconis in the same time, (as 
appeared upon campaiing the observations of both made upon 
the same dtyst at diffeTcnt seasons of the year,) this plainly 
proved that the apparent moliori of the slars was not occasioned 
by a real ouEation, since, if that had been the raiose, the altera¬ 
tion in both Ktofs would ha« been near tquaL’^ 

One or two other explanations were tested and found 
insufficient, and as the result of a scries of obaervatious 
extending over about two yeaiB, the phctiomcnon in qu^- 
lion, although amply established, still remained quite 
unexplaincrd. 

By this time Bradley had mounted an instrument of his 

* A tcIcScvplc star uamed 37 Camelopard i lu FlonutcCil’s 
colalogvc. 
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own at Wansled, so arranged that it was possible to observe 
through it the modorrs of siwa other than y Draconis, 

Several stars were watched carefully throughout a y^r, 
and the obscrv’idons thus obtained gave Bradley a fairly 
cocnplete knowledge of the geometrical laws according to 
which the motions varied botli from star lo star and in 

the course of the year, . t 

50S, 'Fhc true explanation of aDtrratiaiiT, as the pnerci- 
mcnon in question was afterwards called^ appears to l^ve 
occurred to him about September, and w'as publtahed 
to the Royal Society, after some further verification, early 
in the following year, According to a well'hoown story, 
he noticed, while sailing on the Ttpme^ tipi a 
the masthead appeared to change its direction 
that the boat altered its course^ and was informed by the 
sailors that this change was not due to any alteration in 
the wind”® direction, out to that of the boat's oour^ In 
fact the apparent direction of the wind, as shewn by the 
vane, was not the true direction of the wind, but result^ 
from a combination of the motions of the wind and of the 
boat, being more precisely that of the motion of me wind 
rria/av to the boat. Replacing in imagination the wind 
by light coming from a star, and the boat shifting its 
course by the earth moving round the sun and continually 
changinE its direction of motion, Bradley imved it an 
explanation which, when worhed out in detail, was found 
to account most satisfactorily for the apparent changes in 
the direction of a star which he had been studying. Wls 
own account of the matter is as follows ; 

“At last I ctinjectmed that all the phaenoiuena hiiherm men¬ 
tioned proceed^ from the prnETcssivc 

«>s propagated in time, the apparent place of a dart o»J«« 

woutd not be theaame when the eye is at ^t, a» . 

movitii; in any Other direction Ihan that “f 

through ihe Je and object ^ and that ivheu the eye a moviriE 

• The Blorvi* tiven in T. TlinniMa’a of thf Sof^, 

puMbhed TUOfe than So yeara #hei^rdi of 

Ebk to Bud any «ldler 

his diseovery giVM m number of detaiw, oar pm nu juiw™ 
incidcnl. 
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in different direKtions, the upparctil ptwe of the object would be 

differenL, . , 

♦' 1 ceitstdcred this mailer in the follm^mg manner. I imagrned 
c A to be a ray or lights falling perpendicularly upon the litre 
ti Oi then jI the eye i9 at r«i at a, the objecl must appear m 
the dixertion a C. whelher tight be propagated in time or in an 
in&tanl. But ifitie eye is moifing from b towards and hght 
15 ptDuajfited in limep With » Tidoctly th^t to the vclaeily or 
the aa CA IQ BA- then light cnowng from c to wmlfll 
the eye nwve^ ffam n to ibat particte of it by which the object 
ivill be discerned when the eye m its 
motion comes Id a, is at c w'htn ihe eye 
is at a. Joining the points a, C,. [ aup- 
posed the line c b to be a tube (inclined 
to the ][ne B D in the artglc tJ B c) ol SUCh 
a diameter as to admit of but one particle 
of light; then it ivas easy to conceive lhat 
die particle of light al c (by which the 
object imist be seen when the eye; as it 
ntovea alongf arriveB at a) would pass 
through the tube s c, if it is indined lo 
B [> in the angle O & and accompanies 
the eye in its motion from b to a ; and 
that it could not come to the eye, placed 
behind such a tiibe^ if it had any other 
indinatiou to the line a ix . . . 

Although therefore the true or real 
place of an object is pcrpendjciilar to the 
line in which the eye is movin^^ yet the 
visible place will nol be *o^ stnee that, 
no doufal. must be in ihe direciiod of the 
dab tube; but the difference between the hrue 
Fic. 74,—The afeerra. and apparent place will be (caeteris psri- 
LLflnoritjtht. From bna) greater or less, according to the 
Bradleys paper in different proportion between the velocity 
ihc Pful Tratu. (jf Hj^ ^ye. So ibat if 

we could suppose that light was propa¬ 
gated in an instant, then there wnuld be no difference between 
the real and lisblc place of an object* althoi^h the eye were 
in rootion j for in that case, a c ^ing infinite with leapert 
to A B* the angle A c B (the difference between the twe and 
visible nlace) vanishes- But if light be propagated in time* 
(which 1 presume iviU readily be allotved by rnost of the 
philosophcra of this age*) then it is ewdent from the foregoing 
considerations* that there will be always a difference^ belwrren 
the real and viiible place of an objec^ unless the eye is moving 
either directly towards or from the object'* 
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Bradley's explanation, shews that the apparent position of 
a star is determined by the motion of the stafa light reiative 
to the earth, so that the star appears slightly nearer to the 
point on the cctesttEd sphere towards which the earth is 
moving than would otherwise be the cast A familiar 
illustration of a precisely analogous eflcct may perhaps be 
of service. Any one walking on a rainy but windless day 
protects himself most ctTcctually by holding his umbrella, 
not immediately over his head, but a little in front, exactly 
as he would do if he were at rest and there were a ulij^t 
wind blowing in his face In fact, if he were to ignore 
his own motion and pay attention only to the direction in 
which he found it advisable to point his umbrella, he would 
beliei'c that there was a slight bead-wind blowing the rain 
towards him. 

2C59. The passage quoted from Bradleys poper deals 
only with the simple case in which the star ia at right angles 
to the direction of the earlh^s motion. He 
shews elsewhere that if the star is in any 
other direction the effect is of the same kind 
but less in amount. In Bradley's figure 
(fig. 74) the amount of the star’s displace¬ 
ment from its true position is represented by 
the angle b c a, which depends on the ppo- 
portion between the lines a c and a b ; but 
if (as in fig. 7S) moving (without 

change of speed) in the direction k h' instead 
of A B, 50 that the direction of the star is 
oblique to it, it is evident from the figure 
that the star’s displacement, represented by 
the single a c is than before j ^nd. 
the amount varies according to a simple 
mathematical law • with the angle between 
the two directions. It follows tht^fore 
that the displacement in question is different 
for different stars^ as Brudlef s observations 
had already shewn, and is, moreover, dif¬ 
ferent for the same star in the course of the 
veap so that a Star appears to dcscnbe a 
curve which is very nearly an ellipse (fig- 7®). centre (s) 

• It ts ^ C A B, where is tfae voMlatit ibflrilifln. 
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corTCSpoiiding ta ihe position which ihe star would occupy 
if alTfirftiliQn did not exists li is not difSctiU to sfio ihAh 
wherever a siaf is situatctJi the cartlVs motion is twiK a 
vEitj ftl interv^ils of six months, at ri^ht angles to the dirtc- 
tion of the sbr, and that at these times the star receives the 
greatest possible displacement from its mean position, and 
is consequently at the ends of the greatest axis of 
ellipse which il describes, as at a and ■- 
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the 

A", whereas at inter- 
medLate times it 
undergoes its least 
displacement, as at 
it and b'* 'I’he 
greatest displace* 
ment S A, or half of 
A a', which is the 
same for all stars, 
is known as the wn- 
Ktant of aborr&tioD, 
and was fixed hy 
Bradley at between 
ao*^ and joj*, the 
'i'he least displicc- 


valuc ai present accepted being 3o''‘47 
merit, on the other han4 s B, or half of « shewn 

to depend in a simple way upon the star's distance from 
the ccUpdcv being greatest for stars farthest from the 


ecliptic* ^ _ 

310. The constant of aberration, which is reprinted by 
the angle a c b in fig, 74, depends only on the ratio betw-een 
A c and A b, which are In tnrn proportional to the velocities 
of light and of the earth* Observations of aberration give 
then, the ratio of these two velocities. From Bradleys 
value of the constmt of abemtion it follows by an easy 
calculation that the velocity of light is about 10^000 titnes 
that of the earth ; Bmdtcy also pul this result into the form 
that light travels from the sim to the earth in S minutes 13 
seconds. From observations of the eclipses of Jupiter’s 
moons, Rocmcr and others had stimated the same interval 
at from E to 1 r minutes (chapter viii., § i6a) ; and Bradley 
was thus able to get a salisfactor)- confirmaiion of the truth 
of his discovery. Ahottatton being once established, the 
same calculation could be used to give the most accurate 
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mcasuipe of the velociiy of light in lerms of the dimensions 
of the earth’s orbii^ the dcterintnation of abermtion being 
sustepiihle of considcnibly greater accuracy than the 
correiiponding measurententi required for Roemer's methfxJ. 

2 \ 1 , One difHctilty in the theory of aberration deserves 
mention. Bradle)’’!: own eKplanation, quoted above* refers 
to light as a materiat substance shot out from the star or 
other luminoits lx»dy+ This was in accordance with the 
corpuscular theory of light, which was supported by the 
great weight of Newton's authority and was commonly 
accepted in the iStb century, ^f odem physicists, however, 
have entirely abandoned the corpuseutar theory, and ne^ard 
light as a particular form of wave-motion tians milted 
through ether. From this point of view BradiCT's ex¬ 
planation and the physical illustrattans given arc far Jess 
convincing; the question becomes in Cict one of considerable 
difhculty, and the most careful and elaborate of modem 
investigations cannot be said to be altogether satisfactory. 
The curious inference may be drawn that, if the more 
correct modern notions of the nature of light had prevailed 
in Bradlcy’-s lime, it must have been very much more 
difilcuU, if not impmeticabk^ for him to have thought of his 
explanation of the stellar motions which ho was studying; 
and thus an erroneous theory led to a most important 
discortry. . . , 

an. Bradley had of course not forgotten the ongmal 
object of hin investigation. He satuslied himself, however, 
that the agreement between the observed positions of y Dm- 
conis and those which resulted from al^erration was so 
close that any displacement of a star due to parallax which 
might exist must certainly be less than a ^, and probably 
not more than so- that the large parallax amounting to 
nearly 30", which Hooke claimed to have detected, must 
certainly be rejected as erroneous. 

From the point of view of the Coppemican controversy', 
howci'er, Bradley’s dismi-ery was almost as good as the 
discovery of a parallax; since if the earth were at rest 
no explanation of the least plausibility could be giv'on of 
aberratiom 

213, The close agreement thus obtained between theory 
and obfiervation would have salislied an astronomer less 
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accurate and caicful lhan Bntdley* But in his paper on 
aberration (1729) T'fC find him writing :— 

"I have liTtewise met with some small va^etics in the declina¬ 
tion of other stars in difTcretit years which do '(j 

pirjceed from the same cau^c. . , , But vtfhellier these small 
iterations proceed tom a regular emse, or arc occa^on^ by 
any change in the materials, etn, of my trislmmenl, I am not yet 
sble fully to determine." 


The slender clue thus obtaitied was carefully followed 
up ar>d led to a second striking discovery, which affords 
one of the most besititiful illusmtiorrs of the import nt 
results w'hich esn be deduced from the study of rtstdiul 
phenomena,^' Aberration causes a star to go through a 
cyclical series of charrges in the couree of a year j if there¬ 
fore at the end of a year a star is found not to have 
returned to its onginal place, some other explanation of 
the motion has to be soughL Precession was one know n 
cause of such ati alteration ; but Bradley found, at the 
of his first yeaPs set of observations at Wangled, that live 
alterations in the positions of various stars differed by a 
minute amount (not exceeding 2''') from those which w^ould 
have rtsuiied from the usual estimate of precession j and 
that, although an aUemtion in the v^lue of precession would 
account for the observed motions of soine of these stars^ 
it would have increased the discrepancy in the rase of 
others. A nutation or nodding of the earth’s axis had, 
as we have seen (f 207), already presented itself to mm 
as a possibility j and although it liad been shewn to be 
incapable of accounting for the main phcnomenon-^uc to 
aberration—it might prove to be a satisfaciory exptanaiion 
O'f the much smaller residual motions- It soon occuiTcd 
to Bradley that such a nutation might be due to the action 
of the moon, as both observation and the Newtonian 
explanation of precession indicated 

suspected that the moon's action upon (be cqualnrial jw^ 
of (he earth might produce these effects: for if the preceMion 
of the equinoi be, accottling to Sir Isaac Nwvlon’a ptinciples, 
caused by the actions of the sun and maan upon those parts, 
I he plane af the moon's orbit being at one time abo ve ten 
degrees more inclitied to the plane of the equator than at 
another, it was reasonable to conclude^ that the part of the 
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whole anniiAl preceasioTi, which arisc:& frain her Action^ would 
in difTcfcnt ye3TS be varied in ita quantity;; whEjre^ the plane 
nf the iMdiptic, wherein the Aun apj^ean^ keeping always nearly 
the same metinntion to the equiiiDT^ that part of the preceesiDii 
which is owing the autrs action maybe the same every year; 
and from hence it would fallow, that although the mean annual 
processioti, proceeding from the Joint actions of the sun and 
mooo^ were yet the apparent annual precession might 
sometimes eaceed and aometimw 1‘all short of that mean 
quantity, according to the various situations of the nodes of 
the moon's orbit'" 

Newton irt his discussion of precession (chapter tx«, $ iSS; 
/Vtffrt/j'Vjj Book UI.> proposition 33) had pointetl out 
the caistcnce of a small irregulahty with a period of six 
months. But it is evidentj on looking at this discussion 
of ihu effect of the solar and lunar amactions on the 
protuberant parts of the earthy that the various alterations 
in the positions of the sun and moon lelativa to the earth 
might DC expected to produce irregularities, and that the 
uniform jirecessional motion knowTi from observation and 
deduct from gravitatioh by Newton was, as it were, only 
a smooibing out of a motion of a much mOTC complicated 
character. Except for the allusion referred to, New'ton 
made no attempt to discuss these imcgularilies, and none 
of them had as yet been delected by observation, 

or the numerous inrccularities of this class which are now 
known, and which mayl>e referred to generally as nutatioii, 
that indicated by Bradley in the passage just quoted is 
by far the most impotlanb As soon as the idea of an 
irregularity depending on the position of the moon's nodes 
occurred to him, he saw that it would be desirable to watch 
the motions of several stars during the whole period (about 
19 years) occupied by the moon's nodes In performing the 
circuit of the ecliptic and returning to the same position. 
This inquiry was successfully carried cut between 1737 and 
1747 with the telescope mounted at Wansted, When the 
moon's nodes had porformed half their revolution, i.i. 
after about nine years, the correspondence between the 
displacements of the stars and the changes in the moon^s 
orbit was so dose that Bradley was satisfied with the general 
correctness of his theory, and in 173" oommumcaied the 
result privately to Maupertuis {§ »3i), with whom he had 
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had some scieniific correspondence, Maiipertuis appe^ 
to hare told others, but Bradley himself »^ted 
for the completion of the period which he regarded as 
necessary for the satisfactory verification of his thcoiy, and 
only published his results definitely at the Ijegitming of 

^314. Bradley’s observations established the existence of 
certain alterations in the positions of various stars, wnic 



could be accounted for by supposing that, on the one 
hand, the distance of the pole from the eclipric lluctu* 
aitd, and that, on the other, the prcoessional motion of 
the pole was not uniform, but varied slightly in speed. 
John Machin ( ? -1751), one of the best English mathc^ 
madcUns of the time, pointed out that these effects would 
be produced if the pole were supposed to describe on the 
celestial sphere a minute cirele in a period of rather less 
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than rg yesuTi—bcirig that of the revokiion of the nodes 
of the inaon's orbit—nsuntl the position which it wouki 
occupy if there were no nutottotii but a uniform precession- 
Dradley found that this h>|)othesLs fitted his obsenrations^ 
byt tJ’iat it would be better to replace the circle by a 
slightEy flattened ellipse, the greatest and least axes of which 
he estimated at about i»" and i&'" tesp^ivcly,* This 
ellipse would be about as large as a shdllng placed in a 
slightly oblique positEon at a distance of 300 prds from 
the eye- The motion of the pole was thus shewn to be 
a double one; as the result of precession and nutation 
combined it describea round the pole of the ecliptic " a 
gently undulated as represented in the figure, in 

which, however, the undulations due to nutation are 
cnortnously etaggerated. 

STS- Although Bradley was aware that nutation must 
be produced by the action of the moon, he left the 
theoretical investigation of its cause to more skilkd 
mathematicians than himself. . . 

In the following year <1749) the French mthemattcuin 
DAlembert (chapter xu, #232) published a treatise t m 
which not only precession* but alM a motion of nutation 
agreeing closely with that observed by Bradley, were shewn 
by a rigOrous process of analysis to Iw due to the attraction 
of the moon on the protuberant parts of the eartJl round 
the equator {cf. chapter tx., § 1E7), while Newtons ex¬ 
planation of precession was confirmed by the same piece 
of work. Euler (chapter si., § 236) published soon after- 
wards another investigation, of the same subject; and it 
baa been studied afresh by many mathcinatical astronomers 
since that lime, with the result that Bradley s nutation 
is found to be only the most important of a long senes 
of minute irregularities in the motion of the earths 

116, Although aberration and nutation Irave dis¬ 
cussed first, as being ihc most important of Bradley s 


’ His olwcrvuicmti *!l 1 nuitter of point tf ■ 
m^tcr than iS". hut he ptefc™! I* tac itrand numte^ TUc 
at preWJPl lectplcd arc l8"-4a ami Ij’^'TS. » hi* 
w ax Ucddcdly Ini 0»t Ihin it abcrtild hflVe bem. ^ 
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distoveriiis^ ottier investigaucuns were carried om by him 
before Of during the same time. 

The earliest important piece of work which he aeconi' 
phshed was in connection with Jupiter's satellites. His 
uncle had devoted a good deal of attention to this subjeetj 
and had drawn tip some tables dealing with the motion of 
the first satellite, which were Ixiscd on those of Domenico 
Cassini^ but contained a good many imptovemeniB. Bradley 
seems for some years to have madt; a practice of frequently 
observing the eclipses of Jupiter's satellites, and of noting 
discrepanuitts between the obkrrvations and the tables j and 
he was thus able to detect several hitherto unnoticed 
peculiarities in die motions, and thereby to form improved 
tables. The most interesting discovery was that of a 
period of 437 days, after which the motions of the three 
inner satellites recutfed with the same inrcguhtrilies. 
Bnxdte}^ like Pound, made use of Roemer’s suggestion 
(chapter viii., tits* ^'ght occupied a finite lime in 

travelling from Jupiter to the earth, a theory which Cassini 
and his School long rejected Bradley’s tables, of Jnpiieris 
satellites were embodied in Halley's j>lanetary and lunar 
tables, printed in lyi^t but not published till more than 
30 years afterwords (§ ^04). Before that ilale the Swedish 
astronomer I^ehr Viihtbn WargtHiin (ij i 7-17^3) had in¬ 
dependently discovered the period of 437 days, which he 
utilised for the construction of an extremely accurate S4.'t 
of tables far the satellites published in. 1746. 

In this case as in that of nutation Bradley knew that his 
mathematical powers were unequal to giving an explanation 
on gravitational principles of the inequalities which observa¬ 
tion had revealed to him, though he was wdl aware of the 
importance of such an undcrUiking, and dufinituly expressed 
the hope " that sonve geometer,* in imitation of the groat 
Newton, would apply himself to the investigariaii of these 
irregularities, from the certain and demonstrative principles 
of pavity." 

the other hand, be made in 173^ an interesting 
practical application of his superior knowledge of Jupiter's 

" ward ■" ^eomcler ** wu icH-Bierty uMct,. iS " g.«inii[rc ” itill 
» in f'rench, m the wider hiuc in which " is now 

cuBtcmBiryr 
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salcllitcs hy deter(rilnLri.g, in accordance with Galilcrifr 
method {chapter § 127), but with reuwluthic accuracy* 
the longitudis of lusbon and of New Vork. 

a 17. Among Bradley's minor pieces of work may be 
mentioned bis observalions of severui comets and his 
calcuLatlon of their respective orbits according to Newton's 
method; the construction of improved tables of refraction, 
w'bicb remained in use for nearly a centurj.'; a share in 
pendulum experiments irarried out in hlnglmd and Jarruiica 
with the objwt of verifying the variation of gravity in 
different latitudes } a careful testing of Mayer's lunar tables 
(f together with improvements of them; and lastly, 
some work in connection w'lth the refonn of the calendar 
Tiuide in 1752 (cf. chapter tE., $22). 

9tS^ It remains to give some account of the magnificent 
series of obseri-adons carried out during Bradley's adminis^ 
tration of the Greenwich Observatory^ 

These observations fall into two chief divisions of unequal 
merit, those after i J49 haviiig been made with some more 
accurate instruments which a grant from the government 
enabled him at that time to procure. 

The main work of the Obs^vatory under Bradley con¬ 
sisted in taking observations of Axed stars* and to a lesser 
extent of other bodies* as they passed the tneridian, the 
instrumenis used (the mural quadrant ” and. the " trarisii 
instrument'') being capable of motion only in the incHdtart, 
and being thcrcrore steadier and susceptible of greater 
accuracy than those writh more freedom of movement 
'Fhc most important obser^'ations taken during the years 
1750-1763* amounting to about 60,000, were published long 
after Bradley's death in two large volumes which appeared 
in i7pS and 1S05. A selection of them had been used 
eatlier as. the basis of a sittall star catalogue, published in 
the jVaafiiai Aifmi/tai for 1773: but it was not till iSiB 
that the publication of Bessel's Pundixmfnia 
(chapter xiii,, § 27 7), a catalogue of more than 3000 stars 
bos^ on Bradley’s observations^ rendered these observations 
thoroughly available for astronomical work. One reason 
for this apparently exocssive delay is to be found in 
Bradley's way of working. Allusion has already been 
made to a variety of causes which prevent the apparent 
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plac* of a star, as sctir in the telescope and noted at the 
time, from being a satisfactory permanent record of tls 
CKisition. There arc various itistrumental errors, and erton? 
due to refraction j again, if a starts places at two dtfTertnl 
times are to be compared, precesston must taltcrt into 
account; and Hradlcy himself unravelled m alKmWLon Md 
nutation two fresh sources of error* In order therefore 
to pul into a form satisfactory for permanent reference a 
number of star observations, it is necessary to make cor¬ 
rections which have the effect of allowing for these vanous 
sourees of error* This proccM of rednfltion as jt ^5 techni¬ 
cally calledT Involves a certain amount of rallier tedtous 
dlculaiion, and though in modem observaionei the process 
has been so far systematised that it can bo earned out 
almost according to fiiced rules by comjKtrauvcly unskthea 
assistants, in Eiadley's time it required more judgment, 
and it is doubtful if bis assistants could have l^rforn^ed 
the work satisfactorily, even if their time had not been fuUy 
occupied with other duties. Bradley himself probably 
found the ncceitsary calculations tedious, and pTcferrea 
devoting his energies to work of a high« oiticr. It « 
true li^t Delarobre, the famous French historiim Oj 
astronomy, assures his readers that he had never 
the reduction of an oliscrvation tedious if performed the 
same day, but a glance at any of his bmks is enough to 
shew bis extraordinary fondness for long calculations of 
a fairly elementary character, and assuredly^ Urad.ley is not 
the only astTonomer whose tastes have in this respect 
differed fundamentally from Uclamhre's- Moreover reducing 
an observation is geneially found to be a duty that* hke 
answering letters, grows harder to perform the longer it 
is neglected ; and it ii not only less interesting but alM 
much more difficult for an astronomer to deal satisfactorily 
with some one elec’s observations than with his own. It 
is not therefore surprising that after Bradley^s death a 
long interval should have elapsed before an astronomer 
appeared with both the skill and the patience necessary 
for the complete reduction of Bradley's 60^000 observations. 

A variety of circumstances combined to make Bradleys 
obsen^atiorts decidedly superior to those of bis predecessors. 
He evidently possessed in a marked degree the personal 
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characteristics—of cyc anti judfimcnl:—which make a first- 
tate observer; his iewtTuments were n^auiiEed in the tNSt 
known way for securing accurate, and were oonstfucted by 
the most skilful makers ; he made a point of studying very 
carefully the defects of his instruments^ and of allofi-ing 
for them; his discovenes of abeiratiDn and nutation 
enabled him to avoid sources of error, amounting to a 
considerable number of seconds, which bis predecessors 
could only have escaped imperfectly by taking the ai'cragc 
of a number of observations; and his improved tables of 
refraction still furthet added to the cortectneas of his 
results. 

Bessel estimates that the errors In Bradley's obser^’ations 
of the declination of stars were usually less than 4", w^hile 
the corresponding errors in right ascension, a quantity which 
depends u itfmatcly on a UmeHabservation, were less than 15", 
or one second of time. His observations thus shewed a 
considerable advance in accuracy compared with those of 
Flamsteed (§ lo^). which represented the best that had 
hitherto been done- 

Jig- The next Astronomer Royal was Nath^nid Bim 
(170D-1764), who died after two years. He was in turn 
succeeds by MtvU Maskdym {ijja-iKii), who carried 
on for nearly half a century the tmdition of accurate 
ohseivation which Mradley had established at Greenwich, 
and made some improvements in methods. 

To him is also due the first serious attempt to measure 
the density and hence the mass of the earth. By com' 
paring the attraction exerted by the earth with that of 
the sun and other bodies, Newton, as we have seen 
(chapter i\., § 185), had been able to connect the mosses 
of several of the celestial bodies with that of the earth. 
To connect the mass of the whole earth with that of a 
given tenestrial body, and so express it in pounds or tons, 
was a problem of quite a different tind. It is of course 
possible to tsamine portions of the canb^s surfiice and 
compare their density with that of, say, water; then to 
make some conjecture, based on rough observations in 
mines, etc., as to the rate at which density increases as 
we go from the surface towards the centre of the earth, 
and hence to infer the awrage density of the earth- Thus 
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the mass of the whole earth is compared with that of a 
globe of water of the same size, and, the siie being known, 
is e:tpressib]e Sn pounds or tons, . , - 

By a process of this sort Newton had in^ fact, with extr^ 
ordinary insight, estimated that the density of the earth 
was between five and six times as great as that of water,* 

It W135, however, clearly desirable to solve the probiem 
in a loss conjectutal manner, by a direct compiiison of 
the BTavitational attraction enerted by the earth with that 
exerted by a known massr—a method that would at the 
same time afford a valuable test of Newton's theory of the 
gravitating propcrtieiJ of portions of the earth, as distinguished 
from the whole earth- In their Peruvian expedition (§ 221), 
Bougiicr and La Condamine had noticed certain small deflec¬ 
tions of the plumb^linCj which indicated an attraction bj 
Chimboiazo, near which they were working j but the obser¬ 
vations were too uncertain to be depended on. Maskclyne 
selected for his purpose Schehallien in Perthshire, a narrow 
ridge ninning east attd wesL The direction of the p!utnl> 
line was ob^rved (1774) on each side of the ridge, and 
a change in direction amounting to about 12” was found 
to be caused by the attraction of the mountitin. As the 
direction of the pluirvb-Une depends on the attraction of 
the earth as a whole and on that of the mountain, this 
deflection at once led to a comparison of the two attrac¬ 
tions, Hcncc an intricate calculation performed by C/mr/ei 
Nutton (i73J-iS23.> led to a comparison of the average 
densities of the earth and mountain, and hence to the final 
conclnsion (published in 1770) that the earth's density was 
about 4 j limes that of water. As Hutton^s estimate of the 
density of the mountain was avowedly almost conjc'Ctural, 
this result was of course correspondingly uncertain, 

A few years later Jtihn Mkheii (17^4“i Jgi) suggrated, and 
the famous chemist and electrician I/enty CawWA/J (173^' 
iSid) carried out (179S), an experiment in which the 
mountain w-as replaced by a pair of heavy balls, and their 
attraction on another body was coEnpared with that of the 
earth, the result being that the density of the earth was 
found to be about sJ times that of water. 
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The CftTftfldiali eiperiment^ as it is orten colled, 
ftincE been repealed by various other expcrimcntera in 
modified forms, and one or two other methods, too technical 
to he de?M:ribcd here, have abso been devis^. All the 
beat modern cjcptrimenis give for the density nuenbers 
converpng closely on si, thus verifying in a most striking 
way both Newton's conjecture and Cavendish's otiginaJ 
experiment. 

With this %Ti!lie of the density the mass of the earth is 
a little more than 13 billion billion pounds, or more 
precisely 13,136,0001000,000,000,000^000,000 lbs. 

130. UTiile Greenwich ivas furnishing the astronomical 
world with a most valuable series of observations, the Pans 
Obsenatory had not fulfilled its early promise. It was 
in fact suffering, like English mathematics, from the evil 
efli'CLs of undue adherence to the methods and opinion.^ of 
a dTstii^uished man. Domenico Ossini happened to hold 
scveml erroneous opinions in important astronomical 
matters f he was too good a Catholic to 1 ^ a genuirie 
Coppernican, he had no belief in gravitation, he ^as firmly 
pe^uaded that the earth was flattened at the equator instead 
of at the poles, and he rejected Hoemer's disco^ of the 
velocity of ligbfi After his death in lyii the directorship 
of the Obscirvatory' passed in turn to three of his desrandants, 
the last of whom resigned office in 1793 J and 
members of the Mamldl family, into which has sister had 
married, worked in ccH>peration with their cousins. Un¬ 
fortunately a good deal of their energy was expended, Srst 
in defending, and afterwards in gmdi^ly withdraj^ng from, 
the errors of their distinguished head. Jaei^uisCetissm, for 
example, the accond of the family (1677-1756), 
a Coppcmican, was still a timid one, and rejected KcpWs 
hw of areas; his son again, commonly known as Ciwjrw/ de 
niffy fiTiJ-i 734 )i slill defended the ancesttal errors ^ 
to 3i? fom of die earth ; while the fourth member of the 
family, Cottnf CiiSiiiti (i748-rS45)H was the fim of the 
family to accept the Newtonian idea of gra^lation. 

Some planetary and other obsen^nons of ™lue were 
made by the Cassini Maraldi school, but little of this work 
was of fim ratc importance. 

331, A series of important measurements of the cartn. 
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tn which ihe Cassinis had A considerable share, were made 
during lire jfiih century, alrnosi entirely by Frenchmen, 
and resulted in tolerably ejtact knowledge of the earth's 
size and shape, 

The variation of the Icngtli of the seconds pendulum 
observed by Richer in his Caj-enne eiipedition (chapter vijj , 
§ i6i) bad been the first indication of a deviation of the 
earth from a spherical form. Newton inferred, both from 
these pendulum experiments and from an independent 
theoretical investigation (chapter ix., § iSj), that the earth 
was spheroidal, being flattened towards the poles j and 
this view was strengtiwned by the satisfactory cxplanadon 
of precession to which it led (chapter ix,, § i88). 

On the other hand, a comparison of ^-arious measurements 
of arcs of the meridian in different latitudes gaw some 
support to the view' that the earth was elongat^ towards 
the poles and fkittene<l towards the equator, a riew ehuW' 
pioned with great ardour by the Cassini school. It was 
clearly important that die question should be settled by 
more extensive and cartful earth-measurements, 

'I'hc c^fsenttal part of an ordinary measurement of the 
earth consists in ascertaining the distance in miles between 
two places on the same meridian, the latitudes of which 
dilf^CT by a known amount, [-'rom these two data the length 
of an arc of a meridian corresponding to a difTcrence of 
latitude of at once follows, 'I'he lalittidB of a place is 
the angle which the vertical at the place makes with the 
equator, or, expressed in a slightly different forin, is the 
angular distance of the ocnith from the celestial equator* 
The vertical at any place may be defined as a direction 
perpendicular to the surface of still water at the place in 
question, and may be regarded as pcrpcudltrular to the 
true surface of the earth, accidental irregularities in its form 
such as hills and valleys being ignored.* 

The difference of latitude between two places, north and 
south of one another, is consequcrLlly the angle bctw'ecn 
the verticals there. Fig. 78 shews the verticils, marked 
by the arrowheads, at places on the same meridian in 

* Et lii iitip<3rLanL for ihc purposes of Lhis discuisiiim to notice tliAt 
Ibc verticil im not the line dmWtl fronv the Centre of the earUi lo the 
pliK of Db9CrV4|.tj0tl, 
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bttiudes differing by 10® j 50 that two ficnsecutive verticala 
arc inclined m every case at an angle of lo'', 

as in fig, 78, the shape of the earth is drawn in accord¬ 
ance w'ith Xewion's ^'iews, the figure shews at once that 
the arcs a a, a* etc-t each of which corresponds to 10® of 
latitude;^ steadily as we pass from a point a on the 

equator to the pole a. If the oppoaile hypothesis be 
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adopted, which will be illustrated by the same figure if we 
now regard A as tlve pole and b as n point on the equator, 
then the successive arcs deavast as we pass from equator 
to pole. A comparison of the measurements made by 
Eratosthenes in Egypt (chapter ti.> § 36) with some j^de 
in Europe (chapter seemed to indicate that a 

degree of the meridian near the equator was longer iIvm 
one in higher latitudes j and a similar conclusion was in¬ 
dicated by a comparison of different jiortions of an extensive 
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P'rencti an:, ntjout 9® In Icngih, extending from Dunkirk 
to the Pyrenees, which was measured under the super¬ 
intendence of the Cassinis iti continuation of Picard's arc, 
the resuk being published by J. Cassini in 1730. In 
neither cast, however, were the data suflkientty accurate to 
Justify the conclusion ; and the first decisive ev^erice was 
obtained by measurement of arcs in pEaoes difTerinE far 
more widely in latitude than any that had hitherto b^n 
available. The French Acatlemy organised an esp^ition 
to Peru, under the management of three Academicians, 
Piem Bought ( 1693 - 1758 ), Charks Mark de La Conda- 
mint ( 1701 - 1774 ), and Louis Gitdkn ( 1704 - 1760 )+ i^iih 
whom two Spanish naval officers also co-operated. 

The eapedilion started in 17351 owing to various 
difhculties, the work was spread out over nearly ten years. 
The most iEnpoitant result was the measurement, with very 
fair accuracy, of an arc of about 3® in length, close to the 
equator; but a number of pendulum ejtperimenta of value 
were also performed, and a good many miscellaneous 
additions to kno^^'ledge were made. 

But while the Peruvian party were still at their work a 
similar expedition to l^ipbiid, under the Academician 
Pkrrt Louis Mof^au dt Mauptriuk (i698-r759), bad much 
more rapidly (1736-7),, if somewbat carelessly, effected the 
measurtment of an arc of nearly 1“ close to the arctic circle. 

From these measurements it resulted that the Icngtlis 
of a degree of a meridian about latitude 2“ S. (Peru), 
aljoui latitude 47'' N. (France) and about latitude 66° N. 
(Lapland) were respectively 363,800 feel, 364^900 feet, and 
367,100 feci.* There wrui therefore clear etndence, from 
, a comparison of any two of these ares, of an increase of 
the length of a degree of a meridian as the latitude increases; 
and the general correctness of Newton^s view's os against 
Cassini's was thus definitely established. 

The extent to which the earth deviates fro'm a sphere 
is usually expressed by a fraction known as the ellipuoity, 
which is the difference between the lines c a, c b of fig. 78 
divided b)' the greater of them. From comparison of the 
three arcs }usl mentioned several very' differcni values of the 

* 69 miln is 364.310 fert, h> lhal ih? two northern dEgrees were 
a litllc moriF and the PenivlAn nre h little liesa than 69 miln 
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trilipticity were deduced, the di$crcpancics being |ViTt3y dtie 
to difTcrent iheoretlcsJ methods of interpreting the results 
and partly to errors m the arcs- a t ^ 

A measurement, tirade by Sv&ftbirg (1771-135’) 

1 So 1-3, of an arc near that of Maupertuis has in fact 
shewn that his estimate of the length of a degree was 
about 1, 000 feet loo large. . 

A large number of other arcs have been measured m 
differint parts of the earth at riirious times dunng the 
iSth and ipth centuries. The details of the measurements 
need not be given, but to prevent recurrence to the subject 
it i$ coTiA^cliicnt to here the rc$u1l5i obLiiintd- by a. 
comparison of these diffErent measurements, tliat the 
elliptidty is very nearly |rffT» greatest radius of the 

earth fc A in fig* j8) a little less than ai,«>o,qM or 
4,000 ruilcs. It follows from these figures that the length 
of a degree in the latitude of London contains, to use Str 
John Herschers ingenious mnemonic, almost cKacily as 
many thousand feet as the year contains days, 

322, Reference lias already hficn tnade to the supne^cy’ 
of Greenwich during the iSth century^ in the domain of 
exact observation. France^ however, produced during this 
period one great observing astronomer who actually ai^m- 
plishcd much^ and under more favourable external conditions 
might almost have rivalled Bradley. , . 

Nicholas Louis dt LomilU was bom tn 1713' After he 
had devoted a good deal of time to tbeolc^cal studies 
with a view to an ecclesiastical career* his interests were 
divericd to astronomy and mathematics. He was 
duced to Jacques Cassinh aud appointed one of the 
assistants at the Paris Observatory. 

In 1J38 and the two following years he took an active 
part in the measurement of ilie French arc, then in process 
5 verification* \Vh\k engaged in this work he up- 
pointed fi7i9) ^ poorly paid professorship 
MaKirin ColS;^, at which a small observatory^ 

Here it was his regular practice to spend the whole night, 
if fine, in observation, while "to fill up i^fully the hou« 
of leisure which bad weather giv-ea to observers only too 
often he undertook a variety of extetisn-e calculations and 
wrote innumerable scientific memotrs. It is therefore not 
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surprising Lhat he died camparativcly^ early (176^) and that 
hfs death was gcniTaily attributed to ovurwork^ 

Z3J. The manoteny of Lncailie^s outward life was broken 
by the scientiho expedition to the Cape of Ctxid Hope 
(1J50-1754) orgianised by the Academy of Sciences and 
placed under his direction. 

The most striking piece of work undertaken during this 
cs|;ieditjOTi was a systematic sun'ey of the southem skieSi 
in the course of which more than lo^ono star^ were 
observed. 

These observationsp together with a oarerdly executed 
catalogue of nearly s.ooo of the stars • and a star-map, were 
pubEished posthumously in 17&3 under the title 
Auriraie SfA/ifrttta^iind entirely superseded Halley's much 
smaller and less accurate catalogue {§ 199)* Lacailte 
found it necessa^ to make 14 new constcIlatiDns [sotne 
of which have since been generally aliandDned)p and to 
restore to their original places the stars whidi the loyal 
Halley bad made into King Charleses Oak^ Incidentally 
Litcaiile observed and descriijed 42 nebulae, nebulous stars, 
and star-clusters, objects the systematic study of which 
was one of Herschd’s great achievements (chapter xti., 

^ 25^261)- 

He made a large number of pendulum experiments, at 
^fau^itlus as well as at the Cape, with the usual object of 
determining in a new part of the world the acceleration 
due to gravity, and measured an arc of the meridian ex- 
tending over rather more than a degree. He made also 
preful observations of the posEtions of Mars and Venus, 
in order that from companson of thetn with simultaneous 
oliservations in northern latitudes he might get the parallax 
of the sun (chapter viti., § i6t). These oh«er>'utions of 
Mars compared widt some made in Europe by Bradley and 
others, and a similar treatment of Venus, both pointed to 
a solar |>3ralbx slightly In excess of 10", a result less 
accurate than Cassinis (chapter >'[?!►, § 161), though 
obtained by more reliable processes. 

A large number of observations of the moon, of which 

^ The rcmxtiiinjf S^qw wm not "nttuCed" by LncnllEe^ 
The wh^c number wenc iim publlaytird in thfl femt by 

I he firiliih A»ocialian in 
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those Toadc by him at the Cape rorifK^d an important 
ledj after an elaborate discussion in which the apberoidal 
form of the earth was taken into account, to an improved 
va]uc of the moon^s distance, first published in 1761+ 

Lacaiitc also used his observations of fi^ed stars to 
improve our knowtedge of refmctioni, and obtained a 
number of observations of the sun in that part of its orbit 
which it traveisea in our winter months (the summer of 
the southern hemisphere), and tn which it is therefore 
too near the horizon to be observed satisfactorily in 
Europe. 

The results of this—one of the most fruitful scientific 
expeditions ever undertaken—were published in separate 
memoirs or ciubodicd in varions books publisbed after bis 
return to Paris. 

214, In 175;, under the title As/rono/nuu 
appeared a catalogtie of 400 of the brightest stars, oltiscrvxd 
and reduced with the most scrupulous care, so that, not¬ 
withstanding the poverty of Lacaille's instrutnenta!! outfit, 
the catalogue was far superior to any of its pri>dccessors, 
and was only surpassed by Bradley's observations aa they 
were gradually published. It is characteristic of Lacailk's 
unselCsh nature that he did not have the /wwfamrnhr sold 
in the ordinary way^, but distributed copies gratuitously to 
those interested iii the subject, and carn^ the money 
necessary to pay the expenses of publication i>y calculating 
some astronomical almanacks. 

Another caialogue, of rather more than 500 stairs situated 
in the zodiac, was published posthumously. 

In the following year {i7S^) published an cxcdiknt 
set of Solar TaWes, based on an imuirensc series of observa¬ 
tions and calculations. These were remarkalile as the first 
in which planetary" perturbations were taken into account, 

Among Lacaille's minor contributions to astronomy may 
tse mentioned : improved methods of calculating comtlary 
orbits and the actual ealculntion of the orbits of a large 
number of recorded comets, the isilculation of all eclipses 
visible in Europe since the year a warning that the 

transit of Venus would be capable of far less accurate 
observation than Halley had expected (§ aoa), observations 
of the actual transit of 176J (§ 237)1- ** number of 
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improvements in methods of calculation nnd of utilising 
observations. 

In estimating the irntnorus mass of work which I^icaille 
accomplished during An aslrorLomical career of about 72 
years, it has also to be Ix>nie in mind that he had only 
moderately good iniitruments at his obscn-atoiy, and na 
assis/tiHft and that a considerable |3art of his time had to 
he spent in earning the means of living and of working. 

iag, lJunng the period undur eonsideralion Germany 
also produced one astroucmcrT primarily an observer, of 
great merit, Todtat Maytr (172^-1762). He was nppomted 
professor of mathematics and poHtiral economy at Gottingen 
in 1751^ apparently on the understanding that he need not 
lecture on the latter subject, of which indeed he seems 
to have professed no knowledge; three years later he was 
put in charge of the observatory, which had been erected 
20 years liefore. He had at least one fine irsimmeni,* 
and following the example of'l'ycho, Flamsteed, and Bradley, 
he made a carefyl study of its defects, and carried further 
than any of his pred^cssors the theory of correcting 
observations for instrumental errors.t 

He improved Laotilie's tables of the sun, and made a 
catalogue of 998 zodiacal stars, published pokhumotisly in 
r775 ; by a comparison of star places recorded by Roemer 
(i7oh) with his own and Lacaille's ohsen’ations be obtained 
evidence of a considemblc number of proper motions 
(§ 2oj); and he made a number of Other less interesting 
additions to astronomical knowledge- 

226. But Mayer's most important work was on the moon* 
At the beginning of hLs careci he made a careful study of 
the position of the craters and other markings, and was 
[hereby able to get a complete geometrical explanation of 
the v'arious libratiom of the moon (chapter vi., g 133), and 
to fix with accuracy the position of the axis about which 
die moon rotates. A map of the moon hosed on his 
observations was published with other posthumous works 
in J775. 

* A mural quadrant. 

f The QHifinBry approiimale Iheory of the rjrrtur, kvtl 

ard rrmr of a txaiull, m pven in leat-bootu of 

apberrcat and tnetical ttlronomy, b stibsliAtially^ hia. 
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>tiK:h Ei’LCire Emportant^ howeverr were his lunar iheory 
and ihe tables based on iL The intrinsic n]athctnati<ai 
interest of the problem of the moUon of the moorit its 
practical importance for the delerminfation of lon^tudCi had 
cati^ed a great deal of attention to be given to the subject 
by the astronomers of the rSth century^ A further stimulus 
waif aliio furnished by the priees olfered by the British 
ficn’crnmcnt in T733 fora method of finding the longitude 
at sea^^ ^^20,000 for a mcthodl reliable to within half 
a tlegreej and smaller amounts for mcthwls of less accurac)^ 

All the great mathematicians of the (icrEod made attempt^ 
at deducing the nxoon's motions from giaviiatiomiT priocijJes, 
Mayer worlted out a theory' in accordance with methods 
used by Euler (chapter xi.f § 233^ but rnade a much more 
liberal and also more sltilful use of obscrrations to determine 
various numerical quantities* which pure theory gave either 
not at all or with considerable uncertainty. He accordingly 
succeeded in calculating tables of the moon ^published with 
those of the sun in lysj) which were a notable iaiproi-e- 
ment on those of any earlier writer. After riiaking further 
improvements, he sont them in i75S England. Bradley* 
to whom the Admiralty submitted them for criticism* re¬ 
ported favourably of their accuracy; and a few years later* 
after mstking some alterations in the tables on the ba^ of 
his own observations, he recommended to ^ the Admiralty' a 
longitude method based on their use w'hich he cstimat^ 
to M in general capable of giving the longitude within 
about half a degree. 

Before anything definite was done* Mayer died at the 
early age of leaving behind him a new set of (abl«^ 
which were also sent to England. Ultimately ^3,000 was 
paid to bis widow in 1765; and both his TAien> of tht 
Mwin • and his improved ^lar and Lunar Tables were 
published in 1770 at the expense of the Board of Longitude. 
A later edition, improved by Bradley's former assistant 

Chixrki Mmon (17 Jo-17^7, , 

A prize was also given to Euler for his theoretical 
w hile j^3,oDoand suli!>equently 10,000 more were awarded 
to John Hitfriion for improvements in the chronometer* 

■ The tille'paee i*4al«l 17*7 J hut il a Itaarwn not I* hive been 
■cluAlly pubtishH till three yewra Ucer* 
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which tendered practicable an entirely diiTcrent luethod 
af (indfng the longitude (chnptcr vi., § 127). 

iij. The OstTonDnicr? of the iSth cCntuiy had two 
opportunities of utilising n transit of Venus for the deter¬ 
mination of the distance of the sun, as recommended by 
Halley (§ Z02). 

A passage or transit of Venus across the sun^s disc is 
a phenomenon of the same nature os an eclipse of the 
sun by the moon^ with the important difference that the 
apparent magnitude of the pLinet k too small to cause any 
serious diminution in the sun's light, and It merely appears 
as a Small black dot on the bright surface of the sun. 

If the path of Venus lay in the eclijJtic* then at every 
inferior conjunction, occurring ortoc in $84 days, she would 
necessarily pass between the sun and earth and w'ould 
(ijtpear to transit. howcvcrj the paths of Verms and the 
earth are inclined to one another, at inferior conjunction 
Venus is usually for enough “above" or “ below" the 
ecliptic for no transit to occur. With the present position 
of the two paths—which planetary perturbations arc only 
very gradual ty chan^ng -transita of Venus occur in jiairs 
eight ye^s apart, while between the latter of one pair and 
the earlier of the rvext pair elapse alternately interv^ala of 
lofi and of lix^ years. Thus transits have taken place in 
December r6ji and 16J9, June 1761 and 1763, December 
1S74 and i38i, and will occur again in J004 and lors, 
2117 and 3135, and so on. 

The method of getting the distance of the sun from a 
transit of Venus may be said not to differ essentially from 
that based on observations of Mars (chapter vuu, § 161). 

Tlie observer’s object in both cases is to obtain the 
difference in direction of the planet os seen from dEfTcrcnl 
places on the earth. Venus, however, when at all near 
the earth, is usually too near the sun in the sky to be 
Capable of minutely exact observation, but when a tnmsit 
Occurs the sun's disc serves as it were as a diahplate on 
which the position of the planet can be noted. Moreover 
the measurement of minute arigics, an art not yet carried 
to very great pcrfcctior in the iSih century, can be avoid^ 
by time-observations, as the differciwc in the times at 
which Venus enters (or leaves) the sun's disc as seen at 
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different stations, m the difference in the durations of the 
transit, can be without difficulty translated irtto difference 
of direction, and the distances of Venua ond the sun can 

Immense iTOuhle was taken by CxO^-crnmcnts, Academies, 
and private persons in arranging for the obsefTOtion of the 
transits of 1761 and 1769. 

piartics were sent as far as to 1 obolsk, Sl Helena, the 
Cane of Good Hope, and India, while obsemitions were 
also niade by astronomers at Greenwich, Phns, Vienna, 
UosaJa, and elsewhere in Europe The next transit wtis 
observed on an even larger scale, the sLntion* 
ranjEing from Siberia to California, from the Varanger J-jo^ 
to Otaheiti (where no less famous a ^rson iImit Captain 
Cdok was phiocd), and from Hudsons Bay to Madra^ 

The expeditions organised on this occasion by the 
American Philosophical Society may be regarded as the 
first of the contributions made by Amcrim to saence 
which baa since owed so much to her; while the Empress 
Catherine bore witness to the newly acquired civilisation of 
her country by arranging a number of observing stations 

^"■^^results were far more in accordance with I-acaille s 
anticipations than with Halley^s. A vanity of cauj^ 
venied^c moments of contact between the discs of \cnus 
and the sun from being observed with the pr^ision that 
had been hop^. By selecting different Mts of observa lOi^^ 
and by making different allowances for the various Ft>l>ab^ 
sources of ™r, a number of discordant nsults were 
obtained by various cakulatofs. The i^cs of 
fchanter viii., § 161) of the sun deduced from the earlier 
of the two transits ranged between a^ut 3 and lo ; whik 
those obtained in 1769, though much more 

varied between about r and 9’, corresponding to a sanation 

of about 10.000,000 miles in the distance of the sum 

The whole set of observations were su^quently ve^ 

elaborately discussed in iRa 3-4 ^ 

£iuif (1J91-1865), who “ 

of 8' <7 i. DOrrtsponding to a distance of 95,370,000 miles, 

Jr ^ _iw Air^a 
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a riumher which tong r^majned classical. The uncertainly 
of the data is, however, $hevm by the fact that other equaJly 
competent astronomers have deduced &om the observations 
of 176^ pnrailajces of S^'S and 

No account has yel been given of Willtam Hersche?^ 
perhaps the most famous of all observers, whose career 
falls mainly into the last quarter of the tSth century and 
the earlier part of the 19th century. As, however, his 
work was essentially different from that of almost all the 
astronomers of the 18th century, and gave a powerful 
impulse to a depaTtment of astronomy hitherto almost 
it is convenient to postpone to a later chapter (xiJ.) 
the discussion of his worL 
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CRAVltATIO«AL ASTfiONOMV IS THE i8tH CKimiHV, 

the of wbicK *rc the chw^ni^ of the 

cdrttiel Diovituciit*; in tolutioTi depends bojh «i ihe ■arumey o 

.=J ™ .1- *™~f« £■*«.. 

The solar system, as it wtis known begEnniog 

of the iSth century, contained i 3 recfWistil membet^t 
the sun six planets satellites (one Twlongiijg to the 

carth“fo»rV»"■! fi*« »» «'«* S""™* 

were knomi to have come on imny «ca^aona 
intoX of space occupied b> the “If 

theitt were reasons to believe that one of them at l^t 
fchaoler H- & ^ ^ regular visitor ; they were, how 

scarcely regarded as belonging to the solar 
and their action (if any) on its nvcmbeis was ignor^, a 
ticfilect which subsc^^uent investigation Hm compl^ly 
itSified. Many thousands of fixed stars had f so b«n 
observed and their places on the celestial sphere determined ^ 
they were known to be at very great though unknown 
disnmccs from the sol^ system, and their mflutnee on it 

^^h^motiona of^e i8 members of the solar sy^ero were 
rolerablv well known j their actual distances from one 
anolber^had been roughly estimal^ while 
between most of the distances were known with eonsidmbk 
Aiiari from the entirely trnomalous nng of 
Saturn, which tnay for the present be left out of considcra 
fion^t of the^ bodies if the system were known from 
* a »7 
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observation to be nearly spberical in form, and the rest were 
generally supposed to be so also. 

Newton had sheviTit with a considerable d^ree of probo' 
bility, that these bodies attracted one another according to 
the law of giavitation; and there was no reason to suppose 
that they exerted any other important influence on one 
another's motions.* 

The problem which presented itself, and which may oon- 
venicntly be cal ted Newton’s problem, was therefore:— 

Gnx/r fAsse iS hiidks, and thtir and f/fo/ityui 

at any tifur, to deduct: from their tnufuaf gravitation hy 
ri proetis of mathtiKatimi ta/eviaffo/t their pftsitions and 
matiani at any other timt ^ and to shem (hat fhett agrte 
with those actually observed. 

Such a Calculation would necessarily involve, among other 
[juaniiiics, the masses of the several b^ies; it was evidently 
l^sitimattf to assume these at will in such a way as to ntalte 
the results of calculntion agree with those of obserraiton.. 
U this were done successfully the masses would thereby be 
determined. In the same way the commonly accepted 
e^mutes of the dimensions of the solar system and of the 
shape^ of its members might be mcHlified in any way not 
actually inconsistent with direct observation. 

The general problem thus formulated can fortunately be 
reduced to somewhat simpler onea^ 

Newton had shewn (chapter ix., § iSa) that an ordinary 
sphere attracted other bodies and was attracted by them, 
as if Its maM were concentrated at its centre ^ and that the 
effects of devtatioti from a spherical form became very 
small at a considerable distance from the bodv 
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m sphcrtcoJ foifm could then be treated sepanuely 
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when required, as in the cases of pfeccssion Jind of 
Other motions of a planet or satellite about its cenire,. and 
of the CDirespanding action of a non-sphitnca] planet on its 
satellites ; to this group of problems belongs also that of the 
tides and other cases of the motion of pans of a body of 
any form relative to the rest. 

Again^ the solar spwm happens to he so constituted that 
each body^s inoUon on be treated as determined primarily 
by one other body only. A planet, for example* moves 
nearly as if no other body hut the sun existed* and the 
moon’s motion relative to the earth is roughly the same as 
if the other bodies of the solar system were non-cxi stent. 

The problem of the motion of two mutually gravitating 
itpheres was completely solved by Newton, and was 
shewn to lead to KcpIcr^s first two laws. Hence each 
body of the solar system could be regarded as moving 
nearly in an ellipse round some one body, but as slightly 
disturbed by the acttou of others. Moreos^er, by a general 
mathematical |>rinciple applicable in problems of motion, 
the elfcet of a number of small disturbing causes acting 
conjointly is nearly the same as that which result from 
adding together their separate effects. Hence each body 
could* without great error* be regarded as disturbed hy one 
body at a time; the several disturbing eflects could then 
be added together, and a fresh calculation could be made 
10 further diminish the error. The kernel of Newton’s 
problem is thus seen to he a special case of the so-called 
problem of three bodies, via.: — 

Given at niy time the fioiitlorts and motions of three 
miituaiiy ^ijvitaiinst hodies, to determine their positions and 
motions at any other time. 

Even this apparently simple problem in its general form 
entirely transcends the powers, not only of the mathe¬ 
matical mcthcHis of the early iSth century* but also of 
those that have 1 >een devised since. Certain siKoal cases 
have been solved, so that it has been shewn to be posible 
to suppose three bodies initially moving in such a way that 
their future motion, can be completely determined. But 
these cases do not occur in nature. 

In the case of the solar system the problem is simplified* 
not only by the considcradori already mentioned that one 
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of the three bodies can always be ri^ardcd as exercising 
only A smalJ influence on the telatSvc motion of the other 
two, but also by the facts that the orbits of the planets 
and Satellites do not differ much from circles* and that 
the planes of their orbits arc in no case incJin^ at Lirge 
anglo to any one of them, such as the ecliptic; in other 
words^ that the eccentricities and inclinations are small 
quantities. 

Thus simplified, the problem has been found to admit 
of solutions of considerable accuracy by methods of 

approximation-* 

In the case of the sy^stem formed by the sun, earth, 
and inoon^ the characteristic feature is the great distance 
of the sun, which is the disturbing body, from the other 
two bodies; in the case of the sun and two planets, the 
enortnous ntass of the sun as compared with the disturbing 
planet is the important factor- Hence the methods of 
treatment suitable for the two cases diflicr* and tw'o sub- 
s^tially distinct branches of the subject, lunar ibeaiy and 
planetary theory* have developed 1’he problems presented 
the satellites of Jupiter and Saturn, though 
alhed to those of the lunar theory, differ in some important 
respects, and are usually treated separately* 

2J9. As we have seen, Newton ntade a number of 
important steps towards the solution of his problem, but 
little was done by his successors m hts own country- On 
the Continent also progress was at first very slow. The 
I^ttsapm was read and admired by most of the leading 
mathematiciana of the lime, but Its prtndples were not 
accepted, and Canesianism remained the prevailing philo- 
sophy- A forward step is marked by the publication by 
the 1 .Academy of Sciences in 1:730 of a memoir written 
by the Chmiittr de LouvilU (1671-17^3) on the basis of 
^ewtons principles,* ten years later the Academy awarded 
a prtat to on essay on the planetary motions written by 
J^An Btrnf/uiiii (1667-1748) on Cartesian prtneipies^ a 
Newtonian rasay being put second, in 1732 Maupcriuis 
{chapter x., § 331) published a treatise on the figure of the 
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earth on KeurtoniAti Hiies^ and the appearance six years later 
of Voltaire's extremely readable di ia Phiiotapki^ di 

N^vton had a great dTect in paputarUing the new Jdca.'t. 
'rhe bst oflicial recognition of Cartesianism in France 
seems to ha\e been in 1740,1 when the prize oifened by the 
Academy for an essay on the tides was ahar^^ between 
a Cartesuin and three eminent Newtonians ajo). 

The rapid dc^’clopment of gravitational astronomy that 
ensued lietween this time and the beginning of the 
i^th century was almost entirely the work of Bvti great 
Continent^] mathematicians, Euler, Gaimut, D'Alemwn, 
Lagrange, and La|>Jacc, of whom the eldest was bom in 
1707 and the youngest died in 1837, within a month of the 
centenary of Newton^s death. Euler was a Swjos, Lagrange 
was of Italian birth but French by extractioii and to a great 
extent by adoption, and the other three were entirely 
French. France therefore during nearly the whole of the 
j8lh century' reigned supreme in gravitational astronomy, 
and has not lost her supremacy even tenky, though during 
t]>e present century xA^merica, England, Germany, Italy, and 
other countries have all made suhstonilal conl^butions to 
the subject. 

It is convenient to consider first the work of the three 
Srst-named astronomers, and to treat later Lagrange and 
Laplace, who carried gravicational astronomy to a deddcdly 
higher stage of development than their predecessors; 

a^o- jUaakiird £w&r was bom at Basle in 1707, i^i years 
later than Bradley and six years earlier than LacailJe. He 
was the son of a Protestant minister who had studied 
mathenaatics under Jumit (1654-1705), the first of 

a famous family of rnathematicUn!!. Leonhard Euler him* 
self was a favourite pupil of John Bcrnouilli (the younger 
brother of James), and was an intimate friend of hia two 
sonsi, one of whom, BamW (1700-1733), was not only a dis¬ 
tinguished mathematician Like his father and unde, hut waa 
also the first important Newtonian outside Great Britain. 
Ixike so many other astronomers, Euler b^n by studying 
theology, but was induced both by his natural tastes and 
by the influence of the Bemouillis to turn his attention to 
mathematics^ Through the infiuence of Daniel Bemouilli, 
who hod recently lieen appointed to a professorship at 
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St. Fetelfsbu^g^ Eut^r received and acocjjied ;in hivliation 
ta join the ne^'ly created Academy of Sciences there (e? 37)^ 
This lirsL ap|>nintmcnt carried with it a stipcndf and the 
duties v^'ere the getieraL prontation of science ; subsequcrttly 
Euler undertook more definite professorial work, but most 
of his energy during the whole of his career was 
devoted to writing inathemiiitical papers^ the majority of 
which w^ere published by tlie St. Petersburg Academy. 
Though he took no part tn politics, Russian autocracy 
appears to have been oppressive to him, reared as he had 
b«n among Swiss and Protestant surroundings; and in 
1741 he accepted an invitition from Frederick the Great, 
a dcs^t of a less pronounced type, to come to Berlin, and 
assist in reorganising the Academy of Sciences there. On 
being reproached one day by the Queen for his taciturn 
and melancholy demeanour, he justified his silence on the 
ground that he had just conre from a country where speech 
was liable to lead to hanging;* but notwithstanding this 
frank Criticism he remained on good terms with the Russian 
court, and continued to dmw his stipend as a member 
of the St. Petersburg Academy and to contribute to its 
Transactions. Moreover, after 15 years spent at Berlin, he 
accepted a pressing invitation from the Empress Qithcrine 11 . 
and returned to Russia (lyfiG). 

He had lost the use of one eye in 1735* a disaster which 
Called from him the remark that he would henceforward 
have less to distract him from hia mathematics; the second 
eye w'ent soon after his return to Russia, and with the 
exception of a short dnie during which an operation restored 
the partial use of one eye he remained blind till the end 
of his life. But this disability made little difference to his 
astounding scientific activity; and it was only after nearly 
17 years of blindness that as a result of a rtt of ajioplexy 
'*he ceased to live and to calculate*' (lySj). 

Euler was probably the mait versatile as well as the most 
prolific of mathematicians of all time. There is scarcely 
any Ijranch of modem analysis to which he was not a Luge 
coniributorji and his extraordinary powers of devising and 
applying methods of calculation were employed by him 
with great success in each of the existing branches of applied 

^ queje vkoA d"un p4>'l [>ij, quud on pule, OH eat iJcndu." 
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niathcmatics j probkms of abstiuct dynamEcSn of optics^ of 
ihe ination of fluids, and of astronomy were all in turn 
subjected to his analysis and soKtid, ITie extent of his 
writings is shewn by the fact that, in addition to several 
books, he wrote about 3 ckj papers on niathcmatioal and 
physical subjects.; it is estimate that a complete edition 
of his works would occupy *5 quarto volumes of about 
600 pages each. 

Euler’s flrst contribution to astronomy was an essay on 
the tides which obtained a share of the Academy prize for 
r 740 already referred to, Daniel Btmouilli and Maeburin 
(chapter x-, § 196) being the other two Newtonians. TTie 
problem of the tides wos, however, by no means solved by 
any of the three writers^ 

He gave two distinct solutions of the problem of three 
bodies in a form suitable for the lunar tneory, and made 
a number of extremely important and suggestive though 
incomplete contributions to planetary theory. In both 
subjects his work was so closely oonnected with that of 
Clairaut and D'Alembert that it is more convenient to 
discuss it in connection with theirs. 

331, Aksis ClaaAt C/airant, bom at Paris in 1713, 
belongs to the ebss of precocious geniuses. He read the 
Infirtiresiinal Calculus and Conic S^ons at the age of ten, 
presented a scientifle memoir to the Acadenty of Saenccs 
before he wjis ij, and published a book containing some 
important contributions to geometry when he was iS, 
thereby winning hb admissEon to the Academy. 

Shortly afterwards he took part in Maupertuis' expedition 
to Lapland (chapter x., § aai), and after publishing several 
papers of minor importance produced in 1743 his classical 
work on the figure of iht earth. In this he discussed in 
a far more complete form than either Newton or Maeburin 
the form which a rotating btjdy like the earth assurues 
under the influence of the mutual gravitation of its paru, 
certain hypotheses of a very gentcral nature beir^ made as 
io the variations of density in the interior; artd deduced 
formube for the tdianges In diflerctit btitudes of the accelera¬ 
tion due to gravity, which are in satisfactory agreement with 
the results of pendulum eKperinientsL 

Although the subject has since been more elaboraidy 
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und more generally treated by later writcre, and a good 
many additions have been made, few if any results of 
fundamental importance have been added to those con¬ 
tained in Gairaudj book. 

He neNt turned his attention to the problem of three 
bodies* obtain^ a solution suitable for the moon, and made 
some progress in planetary theory. 

Halley's comet (chapter x., § 300) was "due” about 



1758; as the time approached Cairaut took uo the tas 
o^o.np<.w thep*rt„rb»lfa„. which it wouW prXb^ 

owing to^he infln^c 

a^t too tkys by Saturn and about 518 days by Jupiter 
7 S that the comet might be expected to pass it 
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pcrihelicin (the point of orbit nejirest the sun, f in So) 
about April 13th of the following year, though owing to 
v^nious defects in his calculation there might be an erfor of 
n month cither way. 'Ibe comet was auKioitsly watched for 
by the astronomical wortdi and was actually discovered by 
an anMtcLir, Qnfrg^ /b/Z/ijrA (lyaj-iyltS) of SaJtonyi on 
Christinas Day, 175S , it passed its perihelion just a month 
and a day before the lime assigned by Clairaut, 

Halley's btilliant conjecture was thus justified \ a new 
member was added to the solar system, and hopes were 
raised—to be afterwards amply fulfilled—that in other 
cases also the motions of comets might be reduced to 
rule, and calculated according to the same principles as 
those of less emtio bodies. The superstitions attached 
to comets were of course at the same time still further 
shaken^ 

Clairaut appears to have had great pcmonal chanti and 
to have been, a >cDnspicuous figure in l^aris society. Un¬ 
fortunately hia strength was not equal to the combined 
cliims of social and sdentific labours, and he died in 1765 
at an age when much might still have been hoped from his 
cxlraoidinary abilities;* 

J3,i. JmnAe-RoHd lyAkmbert was found in 1717 aa an 
infant on the steps of the chuich of So Jean-te-Rond in 
PariS( but was afterwards recognised, and to some extent 
provided for, by his father, though his home wris with his 
fostef'parentSi After receiving a fair school education, 
he studied law and medicine, but then turned his attention 
to mathematics. He first attracted notice in mathematical 
circles by a paper written in ^’^d was Jidmiited to 

the Academy of Sciences two years afterwards. His earliest 
important work was the Tfaiti de Dynamiqui (i743)t which 
contained, among other contributions to the subject, the 
first statement of a dynamical principle w'hich bears his 
name, and which, though in one sense only a corollar)- 
from Newton's Third J,aw of Motion, has proved to be of 
immense service in nearly ah genetal dynamical problems, 

“ Loa^vity has brttt * wmirkiUc charartefistic of Ihc 
mathcinmticiil Mtrcnomcra i Nenvlcn died in hia 85^ 

Li^n^, iud tiwl lo be more ihm aad D'Alcflabert 

'v*u-m elnmat 66 at his death. 
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flalronomica] or otherwise. l>iiring the next hw years he 
made a number of contributions to tn^theiuatical physics, 
as well as itj the prahlem of three bodies; anti pu Wished 
in 1745 his work on pieceMion and nutation, aln^dy 
referred to (chapter Jc,, ^ ?i5). From this time onwards 
he b^n to Rive an increasing part of his energies to wort 
outside mathematics. for some years he collaborated 
^L- producing the famous French Encycloixiedia 

which began to appear in 1751, and exercised so great 
an influent on contemporary political and philosophic 
thought, D Alembert wrote the introduction, which was 
read to the Afctdlmie in 1754 on the occasion 

01 Jiia admLsston to that distinguished body, us well as a 
yanety of sci^dfic and other articles. In the hter part 
of his life, which ended in J7S5, he wrote little on maths- 
i^tics, but published a numtier of books on pEiiJosophicaL 
hterury, and pohEira! subjects ]t as ,‘wcretar>' of the 
Academy he also wrote obituary notices of some 

He was thus, m Carlyle's words, "of 
clearness and method; 
femous in Mathematics j no less so, to the wonder of some, 

” Si 'ntelkctuai proyinces of Literature.^" 

were great rivals, and almost 
severely criticised by the 
^Swnd^h^ Clairaut retaliai«] though with much less 

bt CW Poirtilar reputation acquired 

by Claitaui hrough his work on Halley^s comet apnear^ 

LVAlemberti jealousy "^^be 
^ pleasant spectacle, was, however, use^ 
of detection and subsequent improvement 

resi^ in other 

Charactemtlcs appear to 
nave been extremely pleasant. He was always a Door 

him’bv magnificent offers mad^to 

him by both Catherine 11. of Rmsiu and Frederick the 

"rS,;" 
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Great of Prussia) and prefertwl to keep hia independence, 
thougti he retained the fnendjhtp of both sovereigns and 
accepted a small pension from the latter^ He Hved ex¬ 
tremely simplyi and notwithstanding his poverty was very 
generous to his foster-mother, to varions young studentS) 
and to many others with whom he came into contact 
335. Eitler, Clairaut, and D'Alembert aJl succeeded in 
obtaining inde}.>endent]y and nearly simultaneously soiutions 
of the problem of three bodies in a form suitable for lunar 
theory. Euler published in 1746 some rather imperfect 
Tables of the Moon^ which shewed that he must have 
already obtained his solution. Both CJairaUt and D’Alembert 
presented to the Academy in 1747 memoirs txjntaining 
their respective solutions, with applications to the moon 
ns well as lo some planetary problems^ In each of these 
memoirs occurred the same dilBculiy which Newton had 
met with ; the calculated motion of the moon '4 apogee w^as 
only about half the observed result- Clairaut at first met 
this difficulty by assuming an alteration \n the law of gravi¬ 
tation, and got a result which seemed to him satisfactory 
by assuming gravitation to vary partly as the inverse square 
and partly as the inverse cube of the distance;* Euler also 
had doubts as to tbe correctness of the inverse square. 
Two years later, however (1749), on going through his 
original calculation again, CUiraut discovered that certain 
terms, which had appeared unimportant at the bemrming of 
the calculation and had therefore been omitted, became 
important later on. When these were taken into account, 
the moticn of the apogee as rieduced from theory agreed 
very nearly with that ob^rved. This was tbe first of several 
Coses in which a serioua discrepancy between theory and 
otnervation has at 6 r 5 t discredited the law of gravitation, 
but has subsequently been explained away, and has thereby 
given a new verification of its accuracy. ^\TTicn Clairaut 
bad announced his discovery, Euler arrived by a fresh 
calculation at substantially the same result, while Alembert 
by carrying the approjiimation further obtained one that 
was slightly more accurate. A fresh calculation of the 
motion of the moon by Clairaut won the prise on the 
subject offered by the St. Feteraburg Academy, and was 

* he wuiqcd A law of artractiDD repmenteU by + r!t*. 
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publtshed in tj'52s TA^orie de ia Luna. Two 

years later he published a setqr lunar tables, and just l>eforc 
his death (1J65) he brought out a re^’ised edition of the 
Thf^it j/e la Lum in which he embodied a new set of 

tables. 

D'Atembert followed his paper of 1J47 by a comptete 
lunar theoty (with a moderately good set of tables), which, 
though substantially finished in 1751, was only published 
in 1754 as the first vi>lume of his Ritherthis sur di^rttts 
/kn'nti imj^rlam da da Mondf. In 1756 he pul> 

tished an improved set of tables, and a few months aAerward 
a third volume of RoAtit^lns with some fresh developments 
of the thTOry. The second volume of his Opus^/is 
Mathimtitiyues (176®) contained another memoir on the 
subject with a third set of labtes, which were a slight 
improvement on the earlier ones. 

Euler^s first lunar theory ^Uiioria Motuum was 

published tn ijjj, though it had been sent to the St, 
I’ctorsburg Academy a year or two earlier. In an api^ndix * 
he points out with characteristic frankness the defects from 
which his treatment seems to him to suffer, and suggests 
a new meth<^ of dealing with the subjccL ft was on this 
theory' that Tobias Mayer iMscd his tables, rofcrrcd to in 
the prMcdjng chapter (§226)+ Many y&ini taler KuJcr 
advised an. entirely nuw way of at racking ihe subject^ aisd 
after some preliminary papers dealing generally wiih the 
meth^ Md with special parts of the problem, he worked 
out the lunar theory in great detail, with the help of one 
of ms sons and two other assistants, and published the 
whole, together with tables, in 1772, He attempted, but 
Without success, to d^l in this theory with the secular 
acceleration of the mean motion which Halley had detected 
{chapter x., | 201), 

In any mathematical trcatnrent of an astronomical problem 
some data have to be borrowed from observation, and of 
the throe astronomers Clalmut soems to have bttti the most 
Skilful m uti Uiing obsenadons, many of which ho obtained 
from Lacaille. Hence his tables represented the actual 

^ ra^mOf^i'Uc «9 giving for the first time tin? 

WTjrw/iw (,/ which UgTsnn arterwarda 

dcii'ic'lopcd mnd us«d with uich aucCffH. 


It w. *3 j1 Lunar Thiory 299 

motiorn of ibe moon far more accurately than those of 
D'Alembert, and were even superior in some point!; to those 
Imsed on Euler's very much more elaborate second theory ; 
eta tract's last tnbles were seldom in error more than il', 
and would hende serve to determine tbe longitude to 
within about 1 °+ Clairaut's tables were, however^ never 
much used, since Tobias Mayer's as improved by 
TJradley were found in practice to be a good deal more 
accurate ; but Miyer borrowed so eirtonsively from observa¬ 
tion that his formulae cannot be regarded as true deductions 
from gravitation in the same sense in which Clairaut's w'Crc. 
Mathematically Euler's, second theory is the most interest' 
ing and was of the greatest importance as a basis for later 
dev'elopmcnts. The most modern lunar theory • is in 
some sense a return to Euler's methods. 

2J4. Newton's lunar theory may be said to have given a 
qualitnihii account of the lunar inequalities known by 
observation at the time when the Prinsipia was published, 
and to have indicated others which had not yet been 
oteerved. But his attempts to explain these irregutatities 
quuntitatmiy were only partially successful. 

Euler, Cliiraut, and D'Alembert threw the lunar ihcoiy 
into an entirely new form by using analytical methods 
instead of geonictricai; one advantage of this was that by 
the expenditure of the necessary lal>our calculations could 
in general be carried further when required and lead to a 
higher degree of accuracy. The result of their ruore 
elal^rate development w^as that—with one esccption-^the 
inequalities known from observation were explained with a 
considerable degree of accuracy quantitatively as well as 
qualitatively j and thus tables, such as those of Clairaut, 
iiased on theory, represented the lunar motions very closely. 
'I'he one eKcepiion was the secular acceleration: we have 
just seen that Euler failed to explain it ; D’Alembert was 
equally unsuooessfuh and CLaimut do« not appear to have 
considered the question. 

235* 'Vhe chief inequalities in pbneiary motion which 
observation had revealed up to Newton’s time were the 
forward motion of the apses of the earth's orbit and a very 

• Tbul of the dfUinButslicd. AffittiCin «stronorticr Pr G, W. Hill 
(chiptcr xni-, f 3E6). 
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slow diiTiii^ution in the obliquity of ihe ecliptic To these 
may be ndded the alremp'on-S in the rates of motion of 
itipi[er and Saium discovered by Halfey (chapter x,, § ^04)^ 
Newton had shewn generally that the perturbing; elfect of 
another planet would cause displacements in the apses 
of any planetary orbit* and an alteration in the relative 
positions of the planes in which the disturbing and disturbed 
planet moved j but he had made no detailed calcuiations- 
Some effects of this general nature, in addition to those 
already known, were, however, indicated with more or less 
distinctness as the result of observatEon in various planetary^ 
tables published between the date of the i^incifits and the 
middle of the j3th centuryn. 

The imigubrities In the motion of the earth, shenving 
themselves as irregulariiics in the apparent motion of the 
sun, and those of Jupiter and Saturn, were the most 
interesting and important of the planetary inequalities, and 
prizes for essays on one or another subject were offered 
several times by the Paris Academy. 

The perturbations of the moon necessarily involved—by 
the principle of action and reaction—corresponding though 
smaller perturbations of the earth ^ these were discussed on 
vimoua pensions by Claimul and Euler, and still more 
fully by D AlembcrL 


In Cfairaut's paper of 174? (§23^) he made some 
Micmpt to apply his solution of the problem of three bodies 
to the ca^ of the sun, earth, and Saturn, w^hich on account 
great dis^nce from the sun (nearly ten times 
that of the earth) is the planetary case most like that of the 
earth, moon, and sun (cf. ■§ aag), 

later he discussed lu some detail the perturba¬ 
tions of the earth due to X^enus and to the luoon. This 
paper was remarkable as containing the first attempt to 
® of celestial bodies by observation of per- 

turbations due to them. Clairaut applied this method to 
Venus, by calculating perturbations in 
the earths mohon due to their action (which necessarily 
de^nded M their maastt), and then comparing the results 
observations of the sun. The mass of the 
^^ ^ and that of Venus 

earth; the fi.rsi result was a considerable 
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inipfovemcnt on Nftwton's estlin^te front tsdea (cliaptcr ix^, 
§ iSo), and the second, which was entirely new, P^vioua 
estimates haying been merely conjectural, is in tolerable 
agreement with modem mcasuremenu** It is worth 
itotScLnc 3- good illiistrfltion of iHc rcciprocsi ififlueii-CL 
of observation and mathematical theory that, while Claitriut 
used LacaiHe's observations for his theory, Lacaille in 
used Claitaut's calculations of the perturbations of the 
earth to improve his tables of the sun published in , 
Ctairaut s method of solving the problem of three b^es 
was also applied by JerMe Lt LaMndt 

(1732-1807), who is chiefly known as an admirabk popu- 
lariser of astronomy but was also an indefatigable calculator 
and observer to the pcrlurliations of Mars by Jupiter, of 
Venus by the earth, and of the earth by Mars, but with 

only moderate success^ , ^ ^ 

D^Alembcrt made some piogiiess with the general treat¬ 
ment of planetary perturbaiiona in the second volume of 
his and applied his methods to Jupiter and 


Euler carried the general theory a good deal further 
in a scries of papers beginning in 1 747^ He made several 
attempts to cJtpUin the irregularities of Jumter and Saturn, 
but never succeeded in reptescniing the observations satis¬ 
factorily. He shewed, however, th&t the perturbations due to 
the other planets would cause the earth's a^ise line to ad ranee 
about It" annually, and the obliquity of the ecliptic to 
diminish hy about 48" annually, both results being m fair 
accordance both with observations and with more etaboraic 
calculations made subsequently. He indicated ^ the 
existence of various other planetary irregulaniics, which for 
the moat part had not previously been observed. ’ 

In an essay to which the Academy awarded a pn^e 
in 17 ^ 6 , Imt which was first published in 177^. ne developed 
with some completeness a method of d^iryg with per- 
turbitionji which he had indicated in hia lunar theory 
of 17CT. As this method, known as that of the varmunn 
of the olements or petManetem, played a very important part 
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in siilj«jqucm resc:;rches, it nuy be worth white to attempt 
to give a sketch QfiL ^ 

If perturbaLions are ignored, a pionet can be regarded as 
movmjs m an ellipse with the aun i n one foctia* The size and 
shape of Lhe ellipse can be defined by the tencth of its axis 
-ind by the eccentricity; the plane in which The ellipse h 

^ usually taken 

\Vh^ tk'^ ecliptic, and by the inclination of the two planes 

lur^.i^TjT the ellipse mSy still 

of ihe^nilJ I— ’"i'^ own plane, but if [he direction 
of the ai^ hne « also fixed the ellipse is completely 
de^rraincd. if, further, the position of the planet in tta 
ellipse at ^y one time is Lnoin, the motion is colieJly 

1 * f f ® SIX quantities known as elements 

aes^^-d b> a plaitet in any one revolution is no ]o!^er 

ds'iiilioni nre a good deal gnaler. 
if tire motions of a planet at tw^o wddelv different 
oo ^ch 

oesenbed is very nsirly an ellipse the ellioses rlifTer in 
fhT between the time of Ptolemy 

p»Sy f'.et:; zzt 

.urSoTrx«"X“ 
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in an elliptic orbit. For wherever a planet may be Md 
whatever (within certain limits*) be its spci^ or direction 
of motion some ellipse can be found, having the sun in 
One focus, such that the planet can be regarded as moving 
in it for a short lifne* Hence as the p^lanet describes a 
perturbed orbit it can be regarded as moving at any instant 



in an ellipse, which, however, is continually altering its 
position or other clumcteristics. Thus the problem of 
discussing the planet’s motion becomes that of determining 
the elements of the ellipse which represents its motion at 
any lime. Euler shew^ further how, when the position 
of the perturbing planet was known, the corresponding 

" The CH-Mt miaht be ■. pKubvla byptirboli, thauKh this docs 
not occur tn the cue of nay htlOwn l^lanct- 
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rates of chanj^c of the elements of the varying ellipse 
could be calculated, and made some progress towardii: 
deducirtg from these data the actual elements j but he 
found the maibcmaiicat difficulties too great to be over- 
con\e e^ccept in some of the simpler case,s and it was 
reserved for the next generation of niathematicians, notably 
Lagrange, to shevr the full power of the method. 

137. Jsufih Lagrattgr was bom at Turin in 1736,, 

when CLairaut was just starting for Lapland and D'Alembert 
was still a child j he was descended from a French family 
three generations of which had lived in Italy. He shew^ 
extraordinary mathematical talent, and when stitl a mete 
boy was appointed professor at the Artihery School of his 
native town, his pupils being older than himself A few^ 
yeflis afterwards he was the chief moyer in the fouodatiion 
of B scientific society, afterwards the Turin Academy of 
Sciences, which published in 1759, fis first volume of 
'rmnsilctions, containing several mathematical articles by 
Lagrange, which had been written during the last few 
ycarv One of these • so impressed Euler, who had made 
a special study of the subject dealt with, that he at once 
obtained for Lagrange the honour of admission to the 
Berlin Academy. 

In 1764 Lagrange won the prise olfercd by the Farrs 
Ai^cmy for an essay on the Tibration of the moon. In 
this essay he not only gave the first satisfactory, though 
still incomplete, discussion of the librutions (chapter vi., 
of the moon due to the non'Spherical forms of both 
the earth and moon, but also introduced an extremely 
general method of treating dynamical problems, f which 
IS me basis of nearly all [he higher branches of dynamics 
which have been developed up to the present day. 

Tw^ y™ later (176^) Frederick IL, at the suggestion 
of l> Alembert, asked Lagrange to succeed Euler (who 
had just returned to SL Petersburg) as the head of the 
mathematical section of the Berlin Academy, giving as a 
reason that the greatest king in Europe wished to have 
the greatest mathematician in Europe at his court. 

' Oa thr Cateniui of ymiatfota, 

t Tfiff QlatilishiniMit of [be generst vqiiitiorw of matioB by 
« comb] ni[ion of v.rn»/ ottoettia and D'Attm^fa finAdpU. 
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Ijigrange accepted this irLagnificently expressed iiavitaiion 
and spent the ncKi si years at Berlin. 

During this lieriod be produced an cxtraMdinary senes 
of papers on stfitronomy, on general dynamics^ arid on a 
vartSv of subjects in pure mathetnatics, SevemJ oi the 
most important of tbe astronomif^l papers were sent to 
Paris and obtained prbws offered by the Academy , most 
of the other papers-^bont fio 
the Berlin Academy. During this period he wreic 
his great one of the 

of all mathematic^ beroks, in which he developed fully 
the general dynamical ideas contained m the eari^r ^per 
on libnitron. Curiously enroiigh he had great diffic^ty m 
finding a publisher for his masterpiece^ and it only 
in ivsa m Paris. A year eariicr he had left 
conslouencc of the death of Fredench, and 
in^-ii^on from Louis XVL to )Oin the Pans Academy. 
About this time he suffered from one of ^e tiU 
choly with which he was pcrtodically sensed and which ^ 
gent^ally supposed to have been due to overwork 
his career at^rin. It is said that he never Iwked at 
the AmMi/M for t «0 yiais ifior 

^nd sDcni most of the lime over chemistry and other 
tonch« of «ico« » won « in 

pursuits. In 1790 he wTis made president of ^e Com 
mission appointed to draw up a new sy'stem of weights 

;ind meases, which resulted in thl^ 

metric system ; and the scientific work connected wth fh^ 
undertak^g gradually restored his interest in mathematira 

Id ««oni,S He^wa,* a.oided pota«, ..d p^d 

throueh the Revolution uninjured, unlike ms irieno 
Ijvoisier the great chemist and Ballly the historian of 
astronomy, both of whom weto guillotined during the 1 error. 
He was in fact held in great honour by the 
ments which niled France up to the time of his death , 
in 1703 he was specially exempted from a decree of banish 
menl^direcied against all foreigners; su^equently he wm 
Zt profe^ of maihetr^tics, fi^t at f e £co^ Normale 
fiTO^h and then at the Ecole polyic^niquc li 797 h th^ 
appointment hoing retained till ha ^th 
During^is period of his life he published, in ^addition 
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to a large number of popers on nstronom^ and mathematics^ 
three inipoitant on pure mathematics,* and at the 

time of hU death had not quite finished a second edition 
of the Mkani^at the second volume appearing 

posthumously* 

Stfiiita Zii/Aifr, the son of a small farmerj 
was bom at Beaumont in Normandy in 1745, being thus 
ij, years younger tlian his great rival Lagrange. Thanks 
to the help of welhtQ-do neighbours, he was first a pupil 
and afterwards a teacher at the Military School of his 
native town. W'hen he was r8 he went to Paris with a 
letter of introduction to iJ^Atembcitj and, when no notice 
was taken of it, wrote him a letter on the principles of 
mechanics which impressed D^Alembert so much that he 
at once took interest in the young mathematician and 
procured him an appointment nt the Military School at 
Paris. From this time onwards Laplace lived continuously 
at Park, holding various official positiou-s. His first paper 
(on pure mathernatics) was published tni the Transactions 
of the Turin Academy for the years 1766-691 and from this 
time to the end of his life he produced an uninterrupted 
series of papers and btjoks on astronomy and allied de¬ 
portments of mathematics, 

Laplace’s work on astronomy uus to a great metent 
incor^rated in his Mimniqut the five volumes 

of which appeared at intervals between 1799 and 1825. 
In ihts great treatise he aimed at summing up all that had 
l^n done in developing gravitational astronomy since the 
time of Newton. The only other astronomical book which 
he published was the Exposifiifn du Sytthmt du 
(1796), one of the most perfect and charmingly written 
popular treatises on astroncuny ever publishcdj. in which 
the great mathematician never uses either an algebraical 
formula or a geometrical diagnuru He published also in 
i8ia an elaborate treatise on the theory of probability or 
chance,t on which nearly all later developments of the 
subject have bran based, and in iSrg a mote popular 
Mssat Ehiiosophique on the same subject. 

* TSnww lA'j Analyiiqms Rewlitiiott dt* 

(1798); sky it An 

(1005), f Ana^titfvM fitt PmisAhilittt, 
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Laolace's personality s«cmi to have been less atlracijvi: 
than that of T^firangc. Ht waa vatu of his rcpu^tton as 
a mathematician and not always generous to nwl dis¬ 
coverers. To Lagrange^ however, he was always fiaendly, 
and he was also kind in Itelping young mathemattcians of 
promise. Wdle he was perfectly honest and courageous 
in upholding his scientific and philosophical opinions, has 
politics l;ore an undoubted rescmblanw to those of the 
Vicar of Bray, and were professed by him with grt-H 
i^nccess. He was appointed a member of dm Commt^iori 
for Weights and Measures, and afterwards of the 
Ijontritudes, and was made professor at the t^lc Normale 
when it was founded. When Napoleon bccanje First 
Consul, Laplace asked for and obtained the post of Home 
Secretary, but—forturrately for science was considered 
quite i^ompetent, and had to retire aAer six weeks 
as 1 comjKnsabon he was made a memlwr of 
be newly created Senate. The third /olu me of the 
.marnoui published in iSoa, contained a dedication 

to the Heroic Pacificator of Europe, at whose hand he 
subsequently received vaHous other dmtnction%and by whom 
he was created a Count svhen the Empire w^ farmed On 
the restoration of the Bourbons in tBi 4 he tendered his 
services to them, and was subsequently made a Maquis. 
In 1816 he also received a very unusual honour for a 
ftiathematieian (shared, however, by irAleml^ri) 
elected one of the Forty “ Immortals'' of the Amd^mir 
Frfitiftiisf ; this distinction he seems to have ow^ in great 
pan to the literary excellence of the Syslhm du 
^Notwithstanding these distracttons he worked steady 
at mathematics and astronomy, and even aft^ the rotn- 
pledon of the Afkaniqui Ctkstt wrote a supplement to it 
which was published after his death (iSa?). 

His last words,'' Cs qut noai ofnn^nssims eit 
if sue ffflus cqmmg p they did from 

"„r«So hJr»iJd=d so moch 10 koo>.l=dB*. 'he- h,, 
character in a pleasanter aspect than it somePmK pre¬ 
sented during his career. 

• The fact thU the pat was then iiwn hj Jj’ 

Lutlen ivexestB stMiic itcFubto to the unprejudiced eh^cler of 
She radiiU Sfiticcnnp5t«i« pronounced bjf Nnpoleon a*ainat Uplace, 
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239. With ihe c-tceptionof Lagmngc’s paper on UhratioTi^ 
niuirly aEl his and inapldCc^s important conuibntions to 
astronomy were made w^heu Clairaut's and D^Alembert's 
work was nfarly finished, though Euler’s activity con¬ 
tinued for nearly jo years more. Lagrange, however, 
survived him by 30 years and 3 ..aplaDEr by more ttmn *10 j and 
together they carried astronomical science to a far higher 
stage of development than their three predecessors, 

240. To the lunar theory Lagninge contributed, com¬ 
paratively little eaccept general methods, applicable to this 
as to other problems of astronomy; but t^aplace devoted 
great attention to it. Of his special discoveries in the 
subject the most notable vi-as his explanation of the secular 
acceldtation of the moon’s mean motion (chapter x.* § 201), 
which had puzzled so many astionomcrs. Lagrange Had 
attempted to explain it {1774X “^^<1 Itad failed so com¬ 
pletely that he was inclin;^ to discredit the early observa¬ 
tions on which the existence of the phenomenon was 
based. I.aplace, after trying ordinary methods without 
success, attempted to explain it by supposing that gravita- 
Uort w.as an effect not tninsmitted instantaneously, but 
jhflt, like light, it took time to travel from the attracting 

to the attracted one; but this also ^Icd. Finally 
he traced it (17S7) to an indirect planetary effect. For, as It 
hfippcns^ certain pertutljationa ffvhich tht cnoon e^tperiences 
owing to the action of the sun depend among other 
things on the eccentricity of the earth's orbit; this is one 
of the elements (§ 236) which is being altered by the 
ucticn of the planeLs, and has for many centuries been very 
slowly decreasing; the perturbation in question is there¬ 
fore being very slightly altered, and the moon's avemge 
ntc of motion is in consequence very slowiy increasing, or 
the length of the month decieasir^g. The whole effect is 
excessively minute, and only becomes perceptible in the 
nurse of a long lime* Laplace's calculation shewed that 
the moon would, in the coiiirsc of a century, or in about 
1,^00 complete revolutions, gain about 10” (more exaedy 

fj causCp SD that her ijlacc in ihe slty 

would differ by lhat amount from whai it ivould be if this 
di^urbmg cause did not exist; in two centuries the ati^e 
gamed would be 40", in three centuries pc'”, and so on. 


ii Lunar Theffry 3^^ 

This may be othcrwrite expressed hy saying tliai ihe length 
of the month diminishes hy about one thirtieth of a second 
in the course of a century. Moreover> as Laplace shewed 
(5 34S)p ecccntnCLty of the earth's orbit will not go on 
diminkhiug indefinitely^ taut after an immense period to be 
reckoned in ihousauds of years will b^n to increase^ and 
the isiioon's motion will again become slower in consequence. 

Laplace's result agreed almost exactly with that indicated 
by obsciration; and thus the last known discrepant^ of 
importance in the solar system between theory and observa,- 
tton appeared to be explained away; and by a curious 
coincidence this was clTected iusl a hundred years after the 
publ teat iotr of the 

Many years afierwardSj however^ Iji;^ace's explanation 
was shewn to be far less complete than it appe;ired at the 
time (chapter xiii., § sS?). 

The same Investigation revealed to Laplace the CKisience 
of alterations, of a simiiar character, and due to the same 
cause, of other clernents in the moon^a orbit, which, though 
not previoualy noticed, were found to be indicated by 
ancient eclipse observations. 

34?. The third volume of the Mtinnigud Ciltitt con¬ 
tains a general treatment of the lunar theorj',. based on a 
method entirely different from any that had been employed 
l>efore, and worljcd out in great detail. ■' My object,^ says 
Laplace, this book is to exhibit in the one law of 
univer^l g^vltation the source of all the inequalities of 
the motion of the moon, and then to employ this law as 
a means of discovery, to perfect the theory of this motion, 
and to deduce from it sevetal important dements in the 
system of the moon," Laplace hinwlf calculated no luiuir 
tables, but the Viennese astronomer John Tobsai Biir^ 
(1766-1834) made considerable use of his formulae, 
together with an iniimense number of Greenmch obsena- 
lions, for the construction of lunar tables, which were sent 
to the Irvsiituie of France in iSoi {^fore the publication 
of Laplace’s complete lunar theory), and published in a 
slight! y amended form in 1806. A (cw' years later (1S j s) 
JohK Churiit Burskhardt (1773-1815), a Gcimin who had 
settled in Paris and worked under Laplace and Lalande, 
pioduced a new set of tables based directly on the formulae 
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or the Mk^niquf CHak. These were generally accepted 
in lieu of Biirg^s, which had been in their turn an im¬ 
provement on Mason's and Mayer’s, 

Later wort on lunar thco^^ may conveniently be regarded 
as belonging to a new period of astronomy (chapter xiinj 
§ 336 ). ^ 

242. Observation had shewn the existence of inequali¬ 
ties in the planetary' and lunar motions which seemed to 
belong to two ditfenent classes. On the one hand were 
inequalitieSh such as most of those of the moont which wctit 
through their cycle of changes in a single revolution or a 
few revolutions of the disturbing body ; and on the other 
such inequalities as the secular acceleration of the moon’s 
mean motion or the motion of the earth's apses,, in which 
a continuous disturbance was observed always acting in the 
same direction, and shewing no signs of going through a 
periodic cycle of changes. 

The mathematicil treatment of perturbations soon shewed 
the desirability of adopting different methods of treatment 
for two classes of inequalities, which corresponded roughly, 
though not exactly, to those just mentioned, and to which 
the naines of pen^ic and secular gradually came to te 
attached. The distinction plays a considerable jsart in 
Euler's work (5 33^6), but it w'as Lagrange wbo first 
recognised its full importance, particularly for planetary 
theory, and who made a special .-ttudy of secular inequalities. 

When the pertuiba Lions of one planet by another are 
being studied, it becomes necessary' to oljtain a mathematica] 
expression for the disturbing force which the second planet 
exerts^ This expression depends in general both on the 
elements of the two orbits, and on the positions of the 
planets at the time considered. It can, howeverj be divided 
up in to two paits^ one of which depends on the positions of the 
planets (as well as on the elements), w'hilc the other depends 
only on the elements of the two orbits, and is independent of 
the positions in their paths which the planets may happen 
to be occupying at the time. Since the positions of planets 
in their Orbits change rapitlly, the former part of the 
disturbing force changes rapidly, and produces in generah 
at short intervals of time, effects in opjiosue directions, first, 
for example, accelerating and then retarding the motion of 


♦ *♦»] 


Piriodk ^tid Stcuiar JmquaUiUs 




the dksiurbtd planek ; and the correspondins inequalities of 
motion are the periodic Incqualiucs^ which for the moat jMrt 
EO through a complete cj'cle of changea tn the course ol a 
Lw revolutions of the planets, or even more rapidly* the 
other part of the disturbing force remains nearly unchanged 
for a DOnsiderablc period, and gi^-es rise to chaneea in the 
elements which, though in geneial very small, remain for a 
long time without sensible alLcruiion, nnd thereiOTo rontmu 
ally accumulate^ becoming considerable with the lajjse ot 
time; these are the secular mequalittes. ■ j* r 

Speaking gcnerallj', we may say that me penodical 
incq^lities are temporary and the in<^uahpe5 

permanent in their eBfecfctt or as Sir John Hcrschel 
cKpresses it:— 

- The secular inequalities are. in fact, noth log hut what remal^ 
after the mutual destruction of a much Ijirgcr amount (a^ >^t very 
often is} of periodLccU- But these arc in Iheo nature tmnarent and 
[rimiorafv- thev disappear in short periods, and leave no trace. 
The^lanct is temporarily withdrawn from its 
varvins orbit), hut forthvi^Uh returns to U. lodevuilc pres^tly as 
much the other way, while the varied orbit accommo^tw and 
adiuats itaelf to the average of thcM MCUIsions oEl either Bide 
of ic" * 

“ Tcmporari * and short " are, however, relative lerraa. 
Some peViQdical iiteqUhliUes, notably in the ^ of the 
moon, have periods of only a few days, and the m.njorny 
which are of importance extend only over a few yrais . but 
some ate known which last for centunca or even thousands 
of years, and can often be treated as secular when we only 
Bfanl to consider an interval of a few years. On the other 
hand most of the known secular inequalities are not really 
permanent, but fluctuate like the periodical ones, though 
^ly in the coutae of immense periods of time to be reckoned 
usually by tens of thousands of years. „ 

One distinction l>etween the lunar and planetmry thcone 
is that in the former periodic inequalities are comparatively 
Urge and, especially for practical purposes such as computing 
the position of the moon a few months hence, of great 

■ Outhmt nf Aitfi>no»ijtt ^ 65 ^^ 
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importance \ whereas llic periodic inequalities of the planets 
nre generally small and the secular inequalities nre the most 
Interesting, 

Tlje method of treatirug the elements of the elliptic orbits 
os Variable Is specially suitable for secular. Inequalities ; but 
for periodic inequalities it is generally better to treat the 
body as being disturbed rroTn an elliptic pathj and to study 
these deviations. 

''The simplest v^'sy of regarding these various perturhatiuna 
consists in iCd^gtuiE^ a planet moving in annonlancc with the laws 
of Flll|i[ic motion, on an ellipae the elements of which vary by 
inscjuible degrees; nud to conceii'e at tbe same time that the 
tnte planet oscillates round ihtg Betitious planet in a very small 
orbit the naimre of which depends on its periodic pertuibatiptis.'’* 

The former method,! due as wc have seen in great mcasiire 
to Euler^ icas perfected and very generally used by Ijigratige, 
and often bears his name. 

343. It was at first naturally supposed that the slow 
altenttlcn in the rales of the motions of J u piier and Saturn 
(§§ 335. 23^1. and chapter x., § 304) was a secular inequality; 
tjitpuige in 1766 made an attempt to explain it on this 
basis which^ though still unsuccessful represented the 
observations better than Euler's work, l^place in his first 
paper on secular inequalities (1773) found by the use of 
a mote complete analysis that the secular alterations in 
the rates of motions ^ Jupiter and Saturn appeared to 
vanish entirely, and attempted to explain the motions by the 
hypothcsisj so often used by asitronomers when in difhcultie^ 
that a comet had l>cen the cause. 

In t'7^^ John Htnry Lamhcrt (1723-1777) discovered 
from a study of ok^servadons that,^ whereas Halley had found 
Saturn to be moving more slowly than in ancient times, it 
Was now moving faster than in Halley's ttrne—a conclusion 
which pointed to a fluctuating or periodic cause of some 
kind. 

Finally in (784 l.aplace arrived at the true explanation. 
Lagrange liad observed in 1776 that if the times of revo¬ 
lution of two planets are exaaly proportional to two whole 

* Liplace, Sriiim* da MonJt. 
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numbert, then part of the periodic dfsturhing force prt^uc^ 
a secular change in their motions, acting contmuaiiy m tne 
same direction; though he polnicd out that such a 5^ 
did not occur in the solar system. If moreowr the tim« 
of tevoludon are iteariy proportional to two whole tiumbe^ 
(neither of which is very large), then part of the penodje 
disturbing force produces an Irrcguliinty that is not stnctly 
secular, hut has a very long period j and a d^turbmg for« 
so small as to be capable of bemg ordinarily ^erlooked 
may if it is of this kind, be callable of producing a con- 
siderahle cITect.* Now Jupiter and Satmn revolve round 
the sun in about 4,333 days and to 759 days respe^vely; five 
titnes the former nuuibcr ts 21,665, and twice the latter is 
3 t.Si S, which is very little less. Consequendy the exceptional 
cale occurs; and on working it out Laplace found an 
appreciable inequality with a period of about 900 years, 
which explained the observations satiafactonly. 

'I'hc inequalities of this class, of which scveml others have 
been dUcm-ered, are known as long ineqnilitiefl, and nyy 
be regarded as connecting lints between secular mequaJities 
and periodical incqi3alitles of the usual kind. 

244 Thu discovery that the observed inequality of 
lupiier and Saturn was not secular may be regarded as 
ihc first step in a remarkable series of invesP]^tions on 
secular inequalities carried out by laigiunge and Laplace* 
for the most part between 1773 and 1734* leading to ^iiie 
of the most interesting and general results m the whole of 
cravitatioiinl astronomy. The two astronomers, though 
living respectively in Berlin and Paris, were m constant 

' IfH, «' art the mc*n raotiOMot the twu pUncIa, ibe lixprcMioh 

for ibc dislwrhing fsrte cmiteini terefla el ite type ™ ^ P'^ ^ 

where ft arc inteecni* und the coefficient (■ of Ihr order P'^f 
in the KventrieiU™ •nd inclhmlicin#. It ooW P P 

, ind IhtMJib it* coeffifbent i* of orderjS n 

h» the iKnnU firtor m'/" (or tH squire) !n the depcmiiriW «id 

rSr cjtwnplc; - - 109.^57 ^r' 

e rt' 2 « • 1.466: ihere H therefore *a invqiajJity df the tfitra onler, 

* 360'^ 

with I prHod £m yeirs) - - 9M- 
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coffiniunication, and scarceEy any hnpartant advance wai 
made by the one ^vhich was not at once udiised and 
developed by the other. 

The central problem was that of the secular allemtions 
in the eletnents of a planet’s orbit regarded as a varying 
ellipse. *l_hrcc of these clcmcnlSj the aais of the ellipse, 
its eccentricity, and the inclination of its plane to a fixed 
plane {usualty the ecliptic), are of much greater importance 
than the other three. 'Ilie first two are the dements on 
which the si?e and shape of the orbit depend, and the first 
also determines (by Kepler's Third Law) the period of 
revolution and average rate of motion of the planet; * the 
third has an important influence on the mutual relations of 
the two planets. The other three elements are chiefly of 
importance for periodical inequalities. 

It should be noted moreover that the eccentricities and 
inclinations were in all cases (except those specially men- 
doned) considered as small quantities; and thus all the 
investi^tions were approximate, these quantities and the 
disturbing forces themselves being treated as small 
345. Ihe basis of iht whole series of investigations was a 
long paper published by Lagrange in 1766, in w^hich he 
explained the method of variation of elements^ and gave 
formulae connecting tfieir rates of change with the disturbing 
forces. 

In his paper of 1773 Laplace found that what was true of 
Jupiter and ^tum had a more general application, and 
proved that in the case of any planet, disturbed by any 
other, the axis was not only undergoing no secular change 
at the prusent time, but could not have altered appreciably 
since " the time when astronomy began to be cultivated.'' 

In the next year Lagrange obtained an expression for the 
secular change in the inclination, vahif far aff ^Vhen 

this was applied to the ca^e of Jupiter and Saturn, which on 
i^ount of their superiority in she and great distance from 
the other planets could be reasonably treated as forming 
with the sun a separate system, it appeared that the changes 
in the inclinations would always be of a periodic nature, so 

• 7h\A rcquir» some whtn [KinLurbatrans 

tfl-km into Artipuni, Bu.E th-e jKiinl u ciqi irapHaflAnl, ^nd 

ffi loo tecivnkml to be dlKyucd. 
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ihal Ihoy could never ^ beyond c^in ««e4 iite'!ir»U 
differing much from the existing values. The like ^it 

held fur Ihe system foraicd by Uie suOs ’ 

and Mais. ligirnige noticed ex™ 

cases T^hlch, ss he said, fortunately did not appear to exiK 
ihu sy-stem of the world, in which, on ih^ contrarys fht 
itidinations might increase indefinitely. The distinction 
de»S on the musses of the bodies in qu«tion j and 
alt^ugh all the planetary masses were 
and thlm assumed by l^ange for 
wholly conjeetuiul. it did not appear h" 
alteration ;n the estimated masses would affect the genet 

v-p'-. ^ 

method which Lagrange had used, applied it to me dis 
cuBsion of the secular s^riaiions of the 
found that these were also of a periodic nature, $o 
eccentricity also could not increase or decn:^ indefimtely. 

In ^riiext year Lagrange, in a remarkable paper of 
only 14 P^es, proved that whether the ecMniriciues and 
inrlinations were treated as sitlial] of not, and whatever the 
"oTSirp^oo^s might ho. dm W fo 
the axis of any planetary orbit were "^“f^sanly all penodi^ 
Hits that for all time the length of the axis could only fiuctit- 
^e S w^n iS definIteTimits. This result w^, howe^ 
sfni^^ ihe assumption that the disiurbing forces 

of five papers published between lyS i 
and i7«4 in which Lagnmgc sumi^ up his 
revised and improved his metho^, and 
ticriodical inequalities and to various other problem^ 

^ l^tlViti ^7^4 l^ph^ce, in the same paper m winch he 

cspluinc^^d the long inequality of Jupil^ 
tahlishcd by an cittremely simple method two rcmarkaDic 
relations between the eccentricities and indinationa of the 
pbnels, or any similar set of bodies, 

ike iiJtJ its <jrbii nnd ky ike it^uan of fke ea^tttrict^, 
ihln the iuJof iheit oU the phnets « 

jajw for periodteoi mequoUtiei, 
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The second is precisely simihr, save thai cccenlricity is 
rcpl.iced by inclination.* 

The first of these propositions establishes the eiustence 
of what may be called a stock or fond of eccentricity shared 
by the planets of the solar system. Jf the ccocntriciry of 
any one orbit increases, that of some other orbit must 
Undergo a corresponding decrease. Also the fund can 
never be overdrawn. Moreover observation shews that the 
eccentricities of oil the planetai>' orbits arc small j conse¬ 
quently the whole fund is small, and the share owned at 
any time by any one planet must be small.t Consequently 
the eccentricity of the orbit of a planet of which the mass 
and distance from the sun are considerable can never 
increase much, and a similar concltision holds for [he 
inclirtaEions of the various orbits. 

One remarkable characteristic of the solar system is 
presupposed in these two propositions; namely, that all the 
planets revolve round the sun in the same directionT which 
to an obsejTver supposed to be on the north side of the 
orhits appears to be contrary* to that in which the hands 
of a clock move. If any planet moved in the opposite 
direction, the corresponding parts of the eccentricity and 
inclination funds would have to be subtracted instead of 
being added; and there would be nothing to prevent the 
fund from b^ng overdrawn. 

A somewhat similar restriction is involved in Laplace's 
earli^ resuhs as to the impossibility of permanent changes 
in the cocentridties, [hough a s>*5iem might exist in which 
his result would stni be tiue if one or more of its members 
revolved in a ditferent dircebon from the rest, but in this 
case there would have to be certain restrictions on the 
proportions of the orbits not required in the other case. 

2 An i/a r, E ta^tm i/s -m where m ia the maM of any 
r * *rt Inc MJrfc-iHaJor axia, «cirmridty, and (c^cJEtiafcion 

of cH-bit. The equaUeo ig true u lar m uuRrea of aiuCI 
qumtiliUcs, and tticrefow it La indifferent whether or not toni ia 
replaced aa Jn the icxl hy 4 

t hWly ^e whok of the ''eccentririty fund " and of the 
inchnation food of the aolir ayttcra U sfigrrf between luoiter 
and Suturi). Ifjnpiler were to gbaorb Ihc wMe of each fund, the 
cceEiitricfly of its tjrbit Would only be intrcaaed hj gboot at per 
ectiL, and the inclination td lln ecljptk would not bt doubled. 
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Stated britflv, tlie results eatiblisbed by the two a.str^ 
noiner. were llvai the cbangea in aiis, ecc^Ltioty ard 
incltrkiiion of any planetary orbit are ®!L 
stricted within certain dfffimte bmiis. The wrturbati^ 
caused by the planeb; make all tbese quMtities 
fluctuations ol hmited extent^ some of which, cau^ by the 
periodic disturbing forces, go through their changes in 
SmiKar^ttivcly short periods, white others, due to ^ular 
forces requite vast intervals of tinie for their completion. 

It rii^thus be said that the stability of the solar system 
was established, as far as rt^ardsthe particubf asironomtcal 

causes taken into account. ^ 

Moreover, if we take the case of the earth, an in¬ 
habited planet, any large altenition in the axi^ that is in 
the average distance from the sun, would pr^uce a more 
than proportional change in the amount of heat and light 
received from the sun j any great intreasc m the cecentnaty 
would increase largely that part (at 

OUT seasonal ^-ariations of hisii and cold which we due to 
siirying distance from the sun j while any change 
ofthe ecliptic, which was anacoompanitd by a wrrespondiiig 
change of the equator, and had the effect of mcre^ing the 
angle between the two, would largely rncr^M the s^iaiions of 
temperature in the course of the year. The stabiluy she^ 
to exist is therefore a guarantee ag^nst ^lam 
great climatic aUeraiions which might seriously affect the 

^bitability of the earth. . 

h is perhaps just worth while to pmnt out that the 
resuHa cstablisited by Ugnmgc nnd Laplace were mathe¬ 
matical consequenoes, obtain^ by process^ mvot%'ing the 
nettlect of certain small quantities and therefore not perfee y 
H^rous, of certain definite hypotheses to which tbejclu^ 
conditions of the solar sy’Stem bear a tolerably 
semblance. Apart from causes at present unforeseen, it is 
therefore not unreasonable to expect tlul for a 
siderablc period of time the motions of t^ actual bodies 
forming the solar system may be very nearly m aorot^nre 
with these results ; but there is no valid rearon why certain dis¬ 
turbing causes, ignored or rejected by Laplace and Lagrange 
on account of their inaigriificance, should not sooner or Iqiet 
produce quite appreciable cflecis (cf. chapter xni., § 393)- 
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146. A few of Laplace's numerical results as to the scctslat 
variation!t of the dements nuair serve to givne an idea of 
the magnitudes dealt with. 

The line of apses of each planet moves in the same 
direction ; the most rapid motion* occuiring in the case of 
Saturn, amounted to about 15" per annum, or rather less 
than half a degree in a century. If this motion wore to 
continue uniformly, the line of apses would require no less 
than 80*000 years to perforrn a complete circuit and return 
to its original position, 'i’hc motion of the linie of nodes 
(or line in whi^ the plane of the planet's orbit mceU that 
of the ecliptic) was in general found to be rather more 
rapid. The annual alteration in the inclination of any orbit 
to the ecliptic in no case exceeded a fraction of a second ; 
while the change of eccentricity of Saturn’s orbit, which 
w-as consideiably the largest, would, if continued for four 
centuries, have only amounted to 

347. The theory" of the secular ineqtuxiities lias been 
treated at some length on account of the gcncml ‘nature of 
the results obtained. For the purpose of predicting the 
places of the planets at moderate distances of time the 
(Kriodical inequalities are* however, of greater importance, 
'rhese w'ere also dpscus.-icd vto' fully both by Lagrange and 
Laphice* the detailed working out in a form suitable for 
numerical ^Iculation being largely due to the latter. From 
ibc formula: given by" Lapk^e and collected in the d/rrtrwywf 
Ccieste several sets of solar and planetary tables were 
calculated, which were in general found to repreiicnt closely 
the observed motions, and which superseded the earlier 
tables hosed on less developed theories.* 

248. In addition to the lunar and planetary theories 
nearly all the minor problems of gravitational astronomy 
were rediiicusscd by Laplace, in many cases with the aid 
of methods due to Lagrange, and their solution was in ail 
cases advanced. 

'I’he theory of Jupiter's satellites, which with Jupiter forin 

* OrtAhlca baan] «i I^ipliCe's wcir^ and publiabcd up bo the time 
Qf hti death, the chief saUr ontl wert th04K of ZatA {1804) and 
Dftcmhrr (iSo^); Odd the chii^r p]aJ^cLlry owo weitr those ’Of 
Ijfhiv/* (r77tX Lifidtnmt lor Venua* Mar> and Mercuiy 
And af fbHnrt/tor Jupiter, SAtUm, And 'UrAiiu4(lSoS And 1821)* 
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a sort ofmiTiiatyre sohr system btii with several chaiactct- 
istic pecylultitTe^i, was fultjr' deaU with j. the other satellites 
receii-ttl s Itrss complete discussion. Some prepress was 
also made with the theory' of Saturn’s ring by shewing that 
it could not be a uniform solid body. 

Precession and nutation were treated much more com- 
piciely than by D’Alembert; and the allied problems of 
the irregularities in the rotation of the moon and of Saturn's 
ring were also dealt with. ., , , 

The figure of the earth was considered m a much more 
general way th.in by Claiiaui, without, however, upsetting 
the substantial accuracy of his conclu-sions ; and the theory 
of the tides was entirely reconstructed and greatly improved, 
though a considerable gap between theory and observation 
still remained. 

The theory of porturbations was also modified so as to 
be applicable to comets, and from observation of a comet 
(known as Lcjtell’s) which had appeared in 1770 and was 
Lind to have passed dose to Jupiter in 1767 i* inferred 
that its orbit had been completely changed by the attraction 
of JupiiOT, liul that, on the other hand, it was incapable of 
exemising any appreciable disturbing influence on Jupiter 

or its satellites. , , - ^ , 

As, on the one hand, the complete calculation of the 
perturbations of the various bodies of the solar system 
Supposes a knowledge of their mosses, so rocipro^lly 
if the magnitudes of these disturiiances can be obiained 
from oljservation they can be used to determine or to 
correct the values of the several masses, tn this way the 
masses of Mars and of Jupiter’s saielliics, as well as of 
Vcmis (f 235)1 estirnnted, and those of the moon and 
the other planets I n the case of Mercury, however, 

no perturliation of any other pkmet by it could m sali^ 
factorily observed, and—except that it was known to be small 
—its mass remained for a long lime a matter of con;;ecture. 
It was only some years after Laplace's death that the etfect 
produced by it on a comet enabled its mass to be estimated 
(1843), and the mass is even now- very unoertairL. 

249. By the work of the great mathematrol astronomers 
of the i8ih century, the results of which were summarised 
in the Meiiimqut O/fjU, it was shewn to be possible to 
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accoiiTit for ths observed tuotions of tbe bodies of the solar 
system « itb a tolerable degree of accuracy by means of the 
law of gtavitaiion. 

Newion^s problem (§ 2^8) was therefore approjomalely 
salved, and the agreement between theory^ and observation 
was in most cases dose enough for the practical purpose 
of predicting for a moderate time the pbces of tlie various 
celestial bodies- The outstanding discrepancies between 
theory and observation were for the most part so small as 
compared with those that had already been removed as to 
leave an almost universal conviction tbat they were capable 
■of e.5tplanatiO!i as due to errors- of observation^ to wart 
of eKactness in calculation, or to some similar cause^ 

250 . Outside the circle of professed astronomers and 
mailieniaticians Laplace is best known, not as the amhor of 
the Micaniqui CkhiU^ but as the inventor of the UebulaT 

HTpottiedi. . 

Ihis famous speculation vras published (in rygoj m his 
popular book the Syiiimc da abeady mentioned, 

and was alnrost certainly independent of a somewluit similar 
but less dcrtailttl theory which had been suggcated by the 
philosopher/wJWflAw/in 17 5 S- 
Laplace was Struck with certain remarkable characlensties 
of the solar systemr The seven planets known to him when 
he wrote revolved round the sun in the same direction, the 
fourteen satellites revolved round their primaries still in 
tire same direction^* and such motions of rotation of sun, 
planets, and satellites alx>ut their axes as were known 
followed the same law^ There were thus some 30 or 40 
motions all in the same direction. If these motions of the 
several bodies were regarded as the result of chance and 
w'cfe independent of one another, this uniformity would be 
a coincidence of a most extraordinary clmracter, as unUkcly 
as that a coin when tossed the like number of times should 
invariably come down with the same face uppermost 
These’ motions of notation and revolution were moniovcr 
all in planes but slightly inclined to one another j and the 

* The cnetiqn of lire salellilcH of Unnu» (ctupter xii., 

|9 in the oppoailc dirtrtioii. When tipLun! Erisl pub1uhc<9 hii Ihto^ 
their molLon wW doubtfal, #mt hfdota not ippeur to have ibooeht 
it worth wbilc to oolke the ciccption in Uler edUlopa of his book. 
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eccentricities of nil ihe orbits were quite small, so ihai 

^ 'Cornell orihe Wr Itard, presented none of these ^u- 
liflritkit j tbeir paths were very eccentnc, they were incbm^ 
at all angles to tlie ecliptic, and were descriljed m eithef 

lliae no kno^n bodis forming a non- 

necting Unit in these respects between comets and pbincts 

"Kwm'thic reraatkablo coincidnneas UplaK inft^d 

thit the various bodies of the solar system must have Iwd 
"omZn origin. Tbo hypoihos^ 
wils that they liad condensed out of a body that might 
be fegatded cither as the sun with a vast atmosphere fiUing 
the Sacc 130?^ occupied by the solar system, or as a fluid 
mass with a more or less condensed cenlml pan or nud^s, 
5 Se at an earUer s^c tlie oenlm! condensation might have 

been almost non^cxisienU hmrt 

Observations of Hcrschel's (chapter xii., 
recently revealed the ejtistcnce of many hund^ of 
hnowmas nebulae, 

ns might have been cjEpected from Laplace s prtmnive body^ 
The lilTcrences in stre^re which they shewed, some U.pg 
aumrently almost structureless masses 
dHTused substance, while others shewed decided sitos of 

“c.Lt 1 a,inn.and o.h^=B»in 

Stars with a «lwht atmosphere round them, were also 
strongly suggeative of sucecssiw stages in some process 

^"^^pta^TUggestion then was that the sol^ 
been formed S condensation out of a nulmla ; 
shnilar explanation would apply to the fixed slam, with the 
olanets fif any) which surrounded theim 
^ He tLn stetched, in a somewhat imagimitive 
nroctss whereby a ncbuk, if once endowed with a lotaiory 
motion, might, as it condensed, throw off a sema of nngs, 

"t^ich hiw ortil* thil far more 
th«n^h?^V t3l^ mtwr pl-nets and arc h-el.ned to Ihc 
cdilHic it coaiidefablc aPttta. 
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and each of these might in turn condense into a planet with 
or without satellites ; and gave oti this h^'pothesU plausible 
reasons for many of the peculiarities of the solar system. 

So little is, however^ known of the behaviour of a body 
|ike Laplace’s nebula when condensing and rotating that it 
is hardly worth w^hile to consider the details of the scheme. 

That Ijplace^ himself, who has never lxM:n accused of 
underrating the importance of his own discoveries, did not 
take the details of his hypothesis nearly as seriously as 
many of its expounders, may be inferred lx>th from the fact 
that he only published it in a popular book, and from his 
remarluhte dcKription of it as these conjectures on the 
formation of the stars and of the solar system, conjectures 
which I present with all the distrust which evcty^ 

thing which is not a result of observation or of calculation 
ought to inspire."* 

* ^atrtM dn V., rliitpCcr 
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351 Frederick iViliiam Htrsihei wia )iom at Hano%>er on 
November iKlh, Ugrange and nine 

yeare before Laplace. His father was a musician m itie 
Hanoverian army, and the son, who shewed a temarlrabJe 
aptitude for mii$ic as well as a decided taste for knowledge 
of various sorts, entered his rattler's profession as a boy (i 753 )- 
On the breaking out of the Sc^n Years' War he served 
during part of a campaign, but his health bcirig delicate his 
parents " dctermiried to remove him from the service ^ 
step attended by no small difitcultie^'* and he was at> 
cordingly sent to England {iJSll to seek his fortune as a 

mnsiciaa , , . * 

After some years spent in various parts of the country, lie 
moved (1766) to Bath, then one of the ^eat centres of 
fashion in England. At fii^t oboist in Linley's orchestra, 
then organist of the Octagon Chapel, he rapidly rase to 
a position of great popularity and distin^ion, both as a 
musician and as a musiotcacher. He played, conducted, 
and composed, and his private pupils increased so rapjdly 
that the number of lessons which he gave was at one time 
a week. But this activity by no means exhaust^ 
his extiaordinaTy energy ■, he had never lost his taste for 
study, and, according to a oontempomry bw^pher, alter 
a fatiguing day of 14 “r ** houis spent in hts vocation, he 
would retire at night with the greatest avidity to t/nfifna m 
mindy if it may w so called, with a few propositions in 
Maclaurin’s Fluxions, or other books of that sort. His 
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musical studies had lon^ ago given him an intend in 
mathematics, and it seems likely that the study of Robert 
Smith's //artrtoffiss Idsd- him to the Citmjfiiat Systeift ^ OftifS 
of the same author, and so to an interest in the construction 
and use of tdescopes. The astronomy that he read soon 
gave him a dtsine to see for himself what the books de^ 
scribed; first he hired a small refiecling telescope, then 
thought of buying a instrument, but found that the 

price was prohibiiive. Thus he was gradually led to attempt 
thu construction of his own telescopes (1775). His brother 
Alexander,, for whom he had found musical work at Bath, 
and who seems to Iravc had considerable mechanical talent 
Init none of liVilliam's pcrscvumncc, helped him in this 
undertaking, while his devoted sister Cnrp/irfff (1750-1^48), 
who had been brought over to Rnglond liy William in 
1772, not only kept house^ but rendered a multitude of 
minor services. The operation of grinding and polishing 
ibe mirror for a telescope was one of the greatest delicacy, 
and at a certain stage required continuous labour for 
Suveral hours. On one occasion Herschel's hand never left 
the polishing tool for 16 hours, so that ^‘by way of keeping 
him alive'' Caroline was obliged to feed hlnr by putting 
thu victuals by bits intohia mouth," and in less extreme 
cases she helped to make the opetadon less tedious by 
reading aloud ; it is with some feeling of relief that wc hear 
that on these occasions the books read were not on mat he- 
matics, optics, or astronomy, but were such as 
Quixote^ the Arah'tin A'/jfii/j, and the novels of Sterne and 
Fielding. 

251. After an imtncntju number of failures Herschel 
succeeded in constructing a tolerable reflecting telescope— 
soon to be followed by others of greater sue and perfection 
—and with this Itc madu his first recorded observation, of 
the Orion nebula, in March 1774. 

This observaticn, made when he was in his j6ih year, 
may be conveniently regarded as the beginning of his 
astronomical career, though for several years more music 
remaned his profession, and astronomy could only lie 
cultivated in such leisure time as he could find or make 
for himselft his biographers give vivid pictures of his 
extraordinary activity during this period, and of his jcal 
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in using odd fragroenis of lime, such as intervals between 
the acts at a theatre^ for his beloved telescopes^ 

A letter wriitcii by btm in i?83 gives a good aocoiint of 
the spirit in which he was at this time carrying out his 
aslfonontical work t— 

■1 detcraiincd to accept Tioihina on faith, but ta »« uiih my 
own eyes what olhem had seen before me.. , , I BMlily ^ 
ceededin completing a so-c*Ued Newtonian malfiimcnt, ? f^i 
in Icoath. Krom this [ adranced to one of lo feet, and ni tut 
to onl of 20, for 1 had fully made up my mtnd to c*^ on 
ibc impiovemcni of mylelcscopea as far aa it could j»saibly lie 
done ^When I had caWuUy and ihotoughly pcrTctted the gr«i 
instrument in all its parts, I made ^temalic use 
Observalions of the heavens, hrst forming a drtermmaton n«er 
To ^9 ^ any, the smallest, portion of them without due 
inveatigalion." 

In accordance with this last resolution he esceutod on 
four sepamie occasions., beginning in 1775, Mch time with 
an instrument of greater power than on the priding, a 
rev iew of the whole heavens, in which 
appeared in any way remarkable i^'ns noiic^ and if neces¬ 
sary more carefully studied He was thus applying to 
astronomy methods comparable wi^ th^ 
who aims at drawing up a complete list of the flora or 
fauna of a country hitherto little knowit 

ac2. In the course of the second of these reviews, made 
with a telescope of the Newtonian type, 7 to m len^h, 
he made the discovery (March 13th, 17S1) wh^^qh pive him 
a Eurotjean reputation and enabled him to a^ndon music 
as a profession and to devote the whole of his energies 

to sdencev 

-lo n.n.mL.K tte .mjl =un in Ih" 

H Gfminontm I perceived ot»c that appeared visibly largcc 
Ilian the rest: bcinjt atruci with ita tmeommon appeflruacc 1 
cDisnated it to H and the saiaU star m the 

Amrign and Gemini^ and Ending it » mach larger than 
cither of them, 1 auspeelcd it to he a comet’' 

If Herscbcl's suspicion bad been correct the d^coveiy 
would have b«n of far less interest than it acttially was, 
for when the new body was further observed and attempts 
were made 10 calculate its pth, it was found that no 
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ordinary comchuy orl)it would in any w^ay fit its moUoii, 
and within three or four months of its discovery it was 
recognised—first by Anders Johann LextU (1740-1784)—^ 
as iKing no comoE but a now planet, revoh'ing round the 
sun in a nearly circular path^ at a distance about 19 times 
that of the earth and nearly double that of Saturn, 

No new planet had been discovered in historic timeSj and 
Herschers achievement was therefoTC absolutely unique; 
even the discovery of satellites inaugurated by Galilei 
(chapter vi., §' rai) had come to a stop mnarly a century 
before (1684), when Cassini had detected his second pair 
of satellites of Saturn (chapter viii., § 160). Herschel 
wished to exercise the discoverer^s right of christening by 
calling the new' planet after his m)'a.l patron Georyintfi SidnSi 
[}ut though the name was used for some time in Kngland. 
Condncntal astronomers never accepted it, and after an 
unsuDcessful attempt to call the new body Iferscheij it was 
generally agreed to give a name -similar to those of the 
other pl^ets, and UronHS wits proposed and accepted. 

Although by this time Herschel had published two or 
three scientific papers and was probably knowm to a slight 
extent in English scientiftc circles, the complete obscurity 
among Continental astronomers of the author of this memor¬ 
able discover}’ is curiously illustrated hy a discussion in 
the leading astronomical journal (Bode^s Asfronomisehts 
Jahrhueh} as to the way to spell his name, Hertschei being 
perhaps the best and Mersthet die worst of several attempts. 

XS4. This obscurity was naturally dissipated hy the dis¬ 
covery of Uranus, Distinguished visitors to Bath, among 
them the Astronomer Royal Ma-sltelyne (chapter x., §219), 
sought his acquaintance; before the end of the year he 
was elected a Fellow of the Royal Society, in addition to 
receiving one of its medals, and in the following spring he 
was summoned to Court to exhibit himself* his telescopes, 
and his stars to George 111. and to various members of the 
royal family* As the outcome of this visit he receiv’ed 
from the King an appointment as royal asironomcr* with 
a salary of 4^300 a year* 

With this appointment his career as a musician came 
to an end, and in August 1782 the brother and sister left 
Bath for good, and settk’d first in a dilapidated house at 
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l^aichet^ then, rift*r a few monEhs (1785-6) Sfjcnt al CUy 
Hall in Old Windsor, at Slough in a house nt>w know'n 
as Observatory' House and memorable in Aragons word-i as 
'* le Ucu d« moode oh il a ifti! fait le plus de d^couvertes," 

255. Heioichel’s modest salaryT though tl would have 
sufficed for his own and his sister s personal wants, was of 
course insufficient to meet the various espenses involved in 
making and mounting lettKopes. The skill which he had 
now acquired in the art was, however, such that his telescopes 
were far superior to any others which wore available, and, 
as, bis methods weft his own, there was a considerable 
deiiuind for instrunienis made by him, Kven while at 
Hath he had made and sold a numljer, and for years after 
moving to the neighbourhood of Windsor he derived a 
considerable income from this source, the royal family and 
a number of distinguished British and foreign astronomers 
being among hus customers. 

The necessity for employing his valuable rime in this 
way fortunately came to an end in 1788, when he married 
a lady with a considerable fortune ^ Caroline lived hence¬ 
forward in lodgings dose to her biothet, but worked for 
him with unabated i:ea1. 

Uy the end of ijBj Hcrschel had finished a telescope 
30 feet in length with a p^eat mirror iS inches in diameter, 
and with this instrument most of his best work was done; 
but he was not yet satisfied that he tmd reached the limit 
of what wtLS |iossible. During the last winter at Bath he 
and his brother had spent a great deal of labour in an 
unsuccessful attempt to construct a go-fool idest ope; the 
discovery of Uranus and its consequetioa prevented the 
renewal of the attempt for some time, but in 1785 he began 
a 4o-f(:K3t telescope with a mirror four feet in diameter, the 
expenses of which were defrayed by a special grant from 
the King, UTiile it was being made Hcrschel tried a new 
form of construction of reflecting telescopes, suggested by 
Lemaite in 1732 but never used^ by which a considerable 
gain of brilliancy vras ciTecled, but at the cost of some Ions 
of distinctness. This HerMh&UaJi or front-view construc¬ 
tion, as it is called, was first tried with ihc 20-foot, and led 
to the discovery (January iith^ 1787} of two satellites of 
Uranus, and Tifanitt j it was henceforw ard regularly 
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employed. After several mishaps the 40-foot telescope 
(ftg. Ejr) was sticcessfully constructed On the first cveniSiE 
itw^empWd (August aSth. ij^}a. si^th sateltiic 
01 batum was detected, and on September i jch a 

much fiumersevunh suelliic {Miuuis). Both saioll jtes Ure 
toimd 10 ^ nearer to the pbnet thin any of the fire hithoito 
discowred Mtmas being the nearer of the two (cf, fig. at). 

.Although foT the dotuction of estromely faint obtects such 
its tftcit satellites the great telescope was tmeqnailed, for 
many kinds of work and for all but the ven clearest 
evenings a smaller instrument was as good, and lietng less 
unwieldy much mor<j used. The mirror of the Wat 
telescope deteriorated to some extent, and after ,3ii. 

hand being then no longer equal to the delicate 
tak of rejwhshing it, the telescope ceased to be used 

l^d'^doMdTp^ ' 

the time of his establishment at Slough till 

I'ff ““"i through old age the stlrj of 

(crschels life is little but a record of the work he did. ^ it 
hts p^ct^ce to employ in observing the whole of 

hours were devoted to 
interpreting his o^rvations and to writing the papers in 

fm h^™ fi? of cr^mg, i„d™ng,™d sitniLir 

hr^h ^ account, though only when her 

^cqi^tc idea of the discomfort and even danger attending 
■he mete spym in obserrirg, it „ ,S 

^t for twth the Newtonian and Herschelian fo^ of 

thl n coiusidemble height above 

I.? .k ■ ^ 4O'ft>0t, for eKampk, laddSs co feet 

ihe ^ Moreover tem ibe nmure of 

the case .satisfactory observations could not be i.aken in the 
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presence either of ihc^ moon or of artificial light It is 
not therefore surprising that Caroline Herschers journals 
contain a good many cxpinessioris of anxiety for her bnother^a 
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welfare on these occasioru, and it is perhaps rather a matter 
of wonder that so few serious accidents occumed. 

In addition to doing his real work Herschcl had to 
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rcctfvT? a Lirge number of ^nsitors who came to Slough out 
of curiosiiy or genuine scientific ijiterest to see the great 
utan and his wonderful telescopes. In 1801 he went to 
i'aris, where be made Laplace's acquaintance and also saw 
Xapoleon, whose O-stranomical knowledge he rated much 
below that of Geoj^e 111,^ white '*his genenU air was 
something like aiTccting to know more than he did know'." 

In the spring of 1807 he had a seHotts illness j and from 
that time onwards his health remained delicate, and a 
larger proportion of his time was in consequence given to 
indoor work. ITic last of the great .scries of papers 
presented to the Roya] Society appeared in r8i3, when he 
was almost So, though three years later he cominiinEcated 
a list of douhtc .stars to the newly founded Royal Astm^ 
nomical Society.. Uis List observation was taken almost at 
the same time, and he died rather more than a year after¬ 
wards (August aist, 1823), when ho wa.s nearly 84. 

He left one son, John, who became an astronomer only 
leas dtstinguLshed than his father (chapter xiin, ^ 306-8J. 
Caroline Herschcl after her beloved brother's death ntitrned 
to Hanover, chiefiy to be near other members of her family; 

iihii executed one iirip^j^riiint pEtJccof^vork hy r.aEAlnjpiin|r 
in a convenient form her brother's lists of nebulae, and for 
the remaining 26 years of her long life her chief interest 
seems to have been in thu pros|icrous astronomical career 
of her nephew J ohn. 

257- The incid^ial references to Htfschel's hvork that 
uwi dtacribing his career liave shewn him 

chiefly as the constructor of giant telescopes far surpassing 
m pow'er any that had hitherto been used, and as the 
diligent aiKi careful observer of whatover could bo seen 
with them in the skies. Sun and moon, pbnets. and fixed 
sta^ were all passed in review, and their peculiarities noted 
and described. But this merdy descriptive work was in 
Hcrschels eyes for the most part means 10 an eud, for, as 
he said m 1811, *'a knowledge of the construction of the 
hpiven.s has always been the ultimate object of my 
ohserv-ations." 

Astronomy ^d for many centuries been concerned alntost 
wholly with tlic positions of the t:arious heavenly Itodies 
on. the celestial sphere, that is with their directions. 


\ bjtJ Astran&ntkal Pr&g;FUfAmt i 

Coppemidtis and his successors had found that the appfLrcnt 
tivotions on the cckstial spheTt; of the meml^rs of the solar 
system oou3d only he satisfactorily explained by takini; 
into account their actual motions in space, so that 
solar system came to be effectively regarded as consisting 
of Ixjtljes at different distances from ihc earth and sepataied 
from one another by so many miks. But with the fixed 
stars the case was quite different: foTj with ihc unimportant 
exception, of the proper motions of a few stars (ci^apter x., 
§ 203), all their known aptKU'ent motions were esplicabk as 
the result of ibe motion of the earth j and the relative or actual 
distances of the stars scarcely entered into considetatioriH. 
Although the belief in a real celestial sphere to which the 
stars were attached scarcely survived tlie onslaughts of 
Tycho Brahe and Galilei, and any asironomcr of note 
in. the latter inrt of the i jth or in the iflih century would, 
if asked, have unhesitatingly declared the slai^ to be at 
different distances from ine earth, this was in effect a 
mere pious oj>inion which had no appreciable effect on 
astronomical work. 

‘I’he geometrical conception of the stars as rupresented 
by points on a ccl«tiaJ sphere was in fact sufficient for 
ortlinary astronomical purposes, and the attention of great 
observing astronomers such as Flamsteed, Bradley, and 
U^icaillc was directed almost entirely towards ascertaining 
the positions of these points with the utmost accuracy or 
towards oliBerving the motions of the solar syslctiL More* 
over the group of problems which Newton s work suggjcstcd 
natumlly concentrated the aticnlion of cighieenth-centu^ 
astronomers on the solar system, though even from this 
point of view the construction of star caulogues had con- 
sidcTable take as providing reference points which could 
be used for fixing the [wsitions of the members of the solar 

^^Itnost the only exception to this general tendency 
consisted in the attempts—hitherto unsuccessful—to fiiid 
the parallaxes and hence the distances of some of the 
fi.xed stars, a problem which, though originally suggeaed 
by the Coppernican controvurr^yf had been recognised as 
possessing gteat intrinsic tnteresL 

llcrschel therefore struck out an entirely new' path when 
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he |>egaii Lo ^ttudy the- sidereal systeni £cr S€ and the 
mutual lelatBons of its members. Frum this point of view 
the suri^ with its attendaTit planetSr became one of an 
innumerable host of stars^ which happened to have received 
a fictitious importance from the accident that we inhabited 
one member of its system. 

258'. A complete knowledge of the positions in space 
of the stars would of course follow front the meas^urentenl 
of the parallax (chapter vj., § 139 and chaplet ^ ®“7) 
each. The failure of sudi astronomerJE as iSratlley to get the 
parallax of any one star was enough to shew the hopelessneiw 
of this general undertaking, and, although Hefschel did make 
an attack on the parallax problem (§ 263), be saw that the 
question of stellar distribution in spa^ if to be answered 
at all, required some simpler if less reliable method capable 
of appltcarion on a large scale. 

Accordingly he demised (1784) his method of atar- 
gaoging. The most superficial view of the sky shews thtit 
the stars visible to the naked eye are very' unequally dis- 
Cributed on the celestial sphere; the same is due when 
the fainter stars visible in a telescope are taken into account. 
If two portions of the sky of the sime apparent or angular 
magnitude are com|iafed, it may be found that the first 
contains many dfnes as many stars os the second. If we 
realise that the stars are not actually on a sphere but are 
scattered through sjiaoe at chflerent distances from us, 
wc can explain this inequality of distribution On the iky 
as due to either a real inequality of distribution in spttty 
or to a dilTeiencc in the distance to which the sidereal 
system extends in the directions in which the two sets of 
stars lie. Tlie first region on the sky may correspond to 
a region of space in which the stars ore really clustered 
together, or may represent a direction in which the sidereal 
sptem extends to a greater distance, so that the accumula¬ 
tion of layer after layer of stars lying behind one another 
produces the apparent density of distribudan. In the same 
way, if wc are standing in n wood and the wood appears 
less thick in one direction than In another, it may be 
because the trees are really more thinly pUnicd there or 
because in that direction the edge of the wood i.s nearer. 

In the absence of any a priori knowledge of the actual 
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duatcHng of the stars in spnee^ Herechd, chose the fornicr 
of these two hypotheses j that ia^ he iieated the apparent 
density of the stars on noy particular part of the sky as 
a mcaauFfi of the depth to which the stdctcal systems 
extended in that direction, and interpreted from this point 
of view the results of a vast series of observations. He 
used a 2o-foot telescope so airanged that he could see 
with it a circular port io n of the sky i$* in diameter {onc- 
quartcr the area of the sun orfulli moon), turned the tetCMope 
to diffcRmt pans of the sky, and counted die siars visible 
in each case^ To avoid accidental ijTe|ularide5 he usually 
took the average of several neighbouring Setdfi, and published 
in 1785 the resultSi of gauges thus nrade in 683 regions, 
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while he subsequently added 400 others which he did not 
think it necessary to publish. Whereas in some ports of 
the sky he could sec on an average only one star at a time, 
in others nearly 600 were visible, and he esttmntcd that 
on one occasion about 116,000 stars passed through the 
field of view of his telescope in a quarter of an hour. 
The general result was, as rough naked-eye observation 
suggests, that stars are most plentiful in and near the 
Mdky Way and least so in the of the sky moat remote 
from it. Now the Milky Way fonns on the sky an ilh 
defined band never deviating much from a great circle 
(sometime* called the gftUetio drcle) ; so that on Heischers 
hypoihcsti the space occupied by the stars U sha|}ed 
roughly like a disc or grindstone, of which according to 

* In till iiipcr or 181J Htnchcl tivtt thi number W $Ay but a 
refL-rentt to the odinnal paper of 17S5 itiew* this rauit bo • 
printer** enw. 
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hEs figuTK ihc dianittcr is about five times the thtctness. 
Further, the Milky U'ay is durinR [Bri of its length divided 
into two brandies, the space between the two branches 
Iwing comparatively free of stars. Corresponding to this 
subdivision there has therefore to be assumed a cleft in 
the " grindslone*"' 

lliis grindstone ^ theory of the universe had been 
suggested in 1750 by Thtimm lyrijgAf {tjn 1786) in bis 
TMan iifthi Vnk trit^ and again by Kant five years hter; 
]>ut neither had attempted, like Herschcl, to colte^ numerical 
data and to work out consistently and in detail the conse¬ 
quences of the fundamental hypothesis, 

Tliat the assumption of uniform distribution of stars in 
apace could not lie true in detail was evident to Herschcl 
from the beginning, A star duster, for example, in which 
ninny thousands of faint stars ate collected torgethef in u 
very small space on the sky, would have to be interpreted 
as ‘tepresenting a long projection or spike full of stars, 
extending far beyond the limits of the adjoitiing portions of 
the sidereal system, and pointing dirixiSy away from the 
position occupied by the solar system. In the same way 
certain regions in .the sky which are found to be bare of 
stars would have to be regarded as tunnels through the 
stellar system. That even one or two such spikes or tunnels 
should exist would be improl^able enough, but as star 
clusters were knouTi in conjjiderable num^rs before Her- 
schel began his work, and were discovered by him in 
hundreds, it was impossible to explain their cxisterice on 
this hypothesis, and it became necessary to assume that a 
star duster occupied a region of space in which stars were 
really closer together than elsewhere. 

Moreover further study of the arrangement of the stars, 
particularly of those in the Milky Way, led Herschul gradu¬ 
ally to the belief that his original assumption was a wider 
departure from the truth than he had at first supposed ; 
and in 1811, nearly go years after he had b^n star- 
gauging, he admitted a definite change of opinion — 

*' 1 mu^ fiEcly cdtiiess that by conttnuini; my su'Fcps of the 
heavens my opinion of she arrangement qI the stars , ^ . has 
untlergonc agmclLial change.,, . Formsl ancc, nu equal scattering 
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of Lite stare may be admitled in certain calculaiidFiiB ; but wfien 
we examine the Milky Way, or the cfojsely cojnpreMcd clualer* 
of siaiB of which my calalogues have recorded » annnyjcislancea. 
thia siippmed equality of scaUcring: moat he given up^ 

The moLhod of staj>gaiipitg was mttnded primaryy to gii-e 
infemtatior. as to the limits of the afdercal system—*cr the 
visible portions of it> Side by side with this method Herschel 
constantly made use of the brightness of a star as a prolxible 
test of nearness. If two stars give om actually ibe same 
amount of lijght, then th&t one which is nearer to us will 
appear the brighter; and on the a.«uraption that no light 
is alisorlKd or stopped in its passage through spatse, the 
apjmcnt brightness of the two stars will be inversely as the 
square of their respective distances. Hence, if we receive 
nine times as much light from one star U-v from another, 
and if it is assumed that this difference is merely due to 
difTerence of distance, then the first star is three times as 
far off as the second, and so ort 

That the stars as a whole give out the same amoutat of 
light, BO that the diOerence in their apjKiTeni brightness is 
due to distance only, is an assumption of the same gencml ^ 
character as tliat of equal distribution. There must neces- 
satily be many exceptions, hut, in default of more exact 
knowledge, it affords a rou^-and^ready method of cstimatrng 
viiih some degree of probaWlity relative distances of ssars. 

1*0 apply this method it was necessary to have some 
means of comparing the amount of light received from 
different stars. 1’his Herschel effected by using lelescopes of 
different sijses. If the same star is obsemd with two reflect¬ 
ing telescopes of the same construction but of different 
si*es, then the light transmitted by the telescope to the eye 
is proportional to the area of the mirror which collects the 
light, and hence to the square of the diameter of the 
Hence the apparent brightness of a star as viewed through 
a telescope is proportional on the one hand to Ihc invur^c 
square of the distance, and on the other to the square of 
the diameter of the mirror of the telescope; hence the 
dwunce of the star is, as it were, exactly counterbalanced by 
the diameter of the mirror of the telescope. For example, 
if one star viewed in n telescope with an eight mch mirror 
and another viewed in the great telescope with a four-foot 
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mirror Eip|>car equally bright, then the second staj 13—on 
the fundamontul ossiEmption—six times as (hr ofT 

In the same way the size of the mirror necess3Jy to malto 
SL star just visible was used by Herschel as a measure of 
the distance of the star, and it was in. this sense that he 
constantly reftinGd to the ** space-penetrating power of his 
telescope. On this assumption he estimated the faintest 
stars vutiblc to the nahed eye to Ijc about twelve times as 
remote as one of the brightest stara, such as Arctunis, while 
Arcturus if removed to goo times its present distance would 
just be visible in the so-foot telescope which he commonly 
used, and the 40-root would iJchctnitc about twnce as far 
into space. 

Towards the end of hts life (1817) Herschcl made an 
attempt to compare statistically his two assumptions of 
uniform distribuban in sjjace and of uniform actual bright¬ 
ness, by counting the number of stars of each degree of 
apparent brightness and comparing them with the numbers^ 
that would result from uniform distribution in space if 
pppa^ni brightness depended only on distance. The 
inquiry only extended far as stars visible to the naked 
eye and to the brighter of the telescopic stars, and indicated 
the cjd.-itence of an excess of the fainter stars of these 
classes, so that either these stars arc more closely |)Ocked 
in space than the brighter ones, or they are In reality smaller 
or less luminous than the others j but no definite con¬ 
clusions as to the arrungenient of the stars were drawn. 

259. Intimately connected with the structure of the sidereal 
sy^m w'as the question of the distribution and nature of 
tuhiiiae (cf. figs. 100, loj, feeing pp. 397, 400) and star 
uiuters (ct fig. 104, facing p, 405). When Herschet began 
his^ work rather more than too such bodies were known, 
which had been discovered for the most part by the l Yeuch 
obsfin'ers I^acaille ('Chapter x., § ^23) and Charht Mmitr 
(1730-1817). Messier maybe said to have been a comet- 
hunter by profession; finding himself liable to mistake 
nebulae for comets, he put on record (1781) the positions 
of 103 of the former. Hersebd's discoveries—carried out 
much more {systematically and with more powerful instru- 
mcnLil appliances—were on a far larger scale, In 1786 
he presented to the Royal Society a caialqgue of 1,000 
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new nehulju; and eJusters, three years later a second cata- 
loiguc of the same extent, and in i 3 oa a third conipriairig 
50CL Each nebula was carefully observed, its general 
appearance as well as iis jKwition. bang noted and described^ 
and to obtain a general idea of the distribution of nebulae 
on the sty the positions were marked on a star map. 
'J'he didenenccs in brightness and in apparent structure led 
to a division into eight classes ; and at quite an early stage 
of his wort (t^Sti) he gave a graphic account of the exura- 
ordinaiy varieties in farm which he had noted t — 

I hai'C seen douhle and treble nebulae, vanouHly anaugedj 
laise oaes with small, seeming atrendants; narrow but nmeh 
extended, lucid nebulae or bright dashes'; seme of the shape 
of a fan, rcMUibling an electric bruabi Issuing from a luefd 
point; others nf the cometic shape, ^ciih a Bccmitijr nucleus 
ui the center; or like cloudy stank, siimunded with a nebulous 
atutospheie; a difTerent sort ag:ain comain a nebulosity of the 
milky kind, tike that wonderfut inexplicable phcndtnetion about 
6 Orionis; while others shine with a fainter mottled kind 
of light, which denotes their being resolvable into stars," 

ado. But much the most interesting problem in cla^ssifica’ 
lion, was that of the relation between nebulae and star clusters. 
The Pleiades, for example, appear to ordintary eyes as a 
group of six Stars close together, but many short-sighted 
iKople only see there a portion of the sky which is a little 
brighter than the adjacent region ; again, the nebulous 
patch of light, as it apftears to the ordinary eye, known a« 
(in the Crab), is resolved by the smallest telescope 
into a cluster of faint stars. In the same way there are 
other objects which in a small telescope appear cloudy or 
nebulous, but viewed in an instrument of greater power arc 
seen to be star clusters. In particular Herschel found that 
many objects which to Messier were purely nebulous 
appeared in his own great telescopes to be undoubted 
clusters, though others still remaim^ nebulous. Thus in 
his own words 

<'Nebulae can be selected so that an insenriblc firndation 
shall take place tronn a coarse cbwler like the PleUoci down 
lo a milky nebuloaity like that in Orion, every iniermediatc step 
being rcpreacnted," 


23 


Shdrf Hiitery of AstroKomy [Cn* xit. 

These fects suggesl^i obviously the infufencc that the 
diflerena: between nelmlne and star clusiere was merely a 
question of the power of the telescope employed, and accord¬ 
ingly Hcrschel’s next sentence is :— 

‘■Thia tends in confirm the hypolhesra that all are composed 
of stars more or leas remote.'' 

The idea was not new, having at any rate been supcsted, 
rather on speculative than on scientific grounds, in lyjS 
by Kant, who had further suggested that a single nebula 
or star cluster is an assemblage of stars oomparahle ia 
magnitude and structure with the whole of those which 
constitute the Milky Way and the other separate stars which 
wc see. From this noini of view the sun is one star in a 
cluster, and every nebula which wc see is a system of the 
same order. This island universe theory qf nebulae, as 
it hns been called, was ajso at first accepted by Herschel, 
so that he was able once to tell Miss Burney that he had 
discovered i ,500 new universes. 

Herschel, however, was one of those investigators who 
hold theories lightly, and as e-nriy as further oliserva- 
tion had convinced him that these views were untenable, 
and that some ne]>u]ae at least w^ere essentially distinct from 
star clusters. The particular object which he quotes in 
support of hia change of view wus a certain nebulous star— 
that is, a body resembling an ordinary star but surrounded 
by a circular halo gradually diminishing in brightness. 

"Cast ynur eye," he says, "on lilts cloudy and the 
result tvill be no less decisive. * , , Your judgement. I may 
venture ta say, wilt be. that the aootf/ thr jAtr h ftat 

ef a stofTy tfniarir 

If the nebulosity were due to an aggregate of stars so 
far off as to be separately indistinguishable, then the central 
body would have to be a star of almost incomparably greater 
dimensions than an ordinary starj if, on the olher hand, 
the oential body were of dimensions comparable with those 
of an ordinary star, the nebulosity must be due to some- 
thing other than a star cluster. Tu either c as e the objtjct 
piCscnied features, markedly different from those of a star 
cluster of the recognised kind j and of the two alternative 
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^jcnlanattons Kerschel choM the Utt^rj considtrin^ the 
neWosity rt) be '"a shitiing tltiid, of a nature toiallv an 
kitottn to as," One exception to bis earlier views bcint£ 
thus admitted, others naturiilly followed by a^logy. 
henceforward he rcoognised ncbuloe of the “shining fluid 
class os eitseriially dilTerent from star clusters, though it 
might be impossible in many cases to say to which class 
a particular l^y lielongcd, j . - 

M'hc evidence accumulated by Herschd as to we aisin- 
bution of nebulae also jibewed that, whatever their nature, 
they could not be independent of the general stderal 
system, aa on the i,Hland universe ” theory. In the first 
pbeo observation scon shewed him that an individual n^^bula 
or cluster was usually surrounded by a region of the sky 
comparatively free from stars j this was so commonly the 
case that it became his habit while sweeping for nyl^lae, 
after such a bare region had passed through the iiekl of 
his telescope, to wain his sister to be ready to t^e down 
observations of nebulae, Moreover, as the position of a 
Ltrge number of nebulae came to be known and chafttid, 
it was seen that, whereas clusters were oommoji near the 
Milky liVay, nebulae which appeared incapable of resolution 
into clusters were scarce there, and shewed on the contrary 
a decided tendency to be crowded together in the regions 
of the sky uiosi remote from the Milky Way-^ai is, round 
the poles of the galactic circle (§ ssS)* If nebulae were 
external systems, there would of course be no reason why 
their distribution on the sky should shew ^y conne^on 
cither with the scarcity of stats generally or with the position 

of the Milky Way, rw a\a 

It is, however, rather remarkable that Herschd did mrt 

in this respect fully appreciate the consequenc^ of his 
ow'n observations, and up to the end of his hfe seeiM 
to have considered that some nebulae and clusters were 
external “ universes," though many were part of our own 

^^ 26?! As early as 17^9 Hersdicl had thrown out the 
idea that the diffetent kinds of nebulae and clusters were 
oWeets of the same Und at dllfetcnE stages of devdop- 
ment, some “ clustering power ” being at work eonver^ 
□ diffused nebula into a brighter and more condensed 
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body ; so that condcnsadon could be regarded as a sign 
of “ agc/^ And he goes on \ - 

''T^is method of ^'fewing itie heavens eoems to ihroiv ihcm 
into a new kind of (Igfit, They arc now seen to rescrnble a luiu* 
riant garden, which contains Ihei^TEatcat I'Brielyof producliotifi, in 
different flt^ihing bctifi ; snd one adtantaj^ wr may at least 
reap from^ it ia, that ts'e can, as it were, eictend the ran^ of 
our eirperieoce to an immense deration. For, to cantinue the 
aimite I have borrouTd from the vegetable kingdom, is it not 
a] most the same thing, wlicihei wc live successively to witness 
the germination, hldfnning, foliage^ fecundity, fading, withering 
and comipEion of a plant, or whether a vast number of 
Specimens, selected from evciy stage through which the plant 
passes in the course of its existence, be tuoughl at onoc tn 
our view ? “ 

His change of opinion [d 1701 as to the n^nture of nebulae 
led to a corresponding Modification of his views of this 
process of condensation. Of the alar already referred to 
(§ afio) he remarked that its nebulous envelope " was more 
ht to [^aduicc a star by its condensation than to depend upon 
the star for its eKisicntjenf'" In tSi r and 1814 he published 
ii ramplete theory of a possible process whereby the shining 
nuid constituting a diffused nebula might gradually con¬ 
dense— the denser portions of it being centres of attraction- 
first into a denser nebula or compressed star cluster, then 
into one or more nebulous slars, lastly into a single star 
Or group of sta^ Every suppo^ stage in this process 
was abundantly illustrated from the records of actual nebulae 
and clusters which he had observed. 

In the latter paper he also for the first time recognised 
that the dUAiers in jmd near the Milky Way really belonged 
to It, and were not independent systems that happened to 
lie m the same direction as seen by us. 

463. On another allied point Hcischel also changed his 
mind towards the end of his life. ^Vhcn he first used his 
peat ao-foot telescope to explore the Milky VS'ay, he thou^t 
, ^ j ^ completely resolving its faint 

clmidy tight into oottiponenl stars, and had thus penetrated 
to the efld of the Milky Way j but afterwards he was con' 
vinr^ that this was not the case, but that there remained 
cloudy portions which ^whether on account of their remote^ 
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ness or for other reasons—his telescopes were unable lo 
resolve into siats (cf fig- io4p facing p, 405). 

In both these respects therefor* the structure of ihc 
Milky Way appeared to him finally less simple than at 
firet- 

J63, One of the most notable of Herschel’s discoveries 
was a bye-product of an intjuiT^' of an entirely dilfcrent 
eharacten J ust as Bradley in trying to find the | saral lau of 
,a star discovered aberration and nutation {ehaptcr x-i §■ aoy), 
so also the same problem Dn Herschers hands led to the 
discovery of double stars, He proposed to employ Oalilcfs 
differential or double-star tnethod ^chapter vl, § In 
which the minute shift of a star's position^ due to the earth's 
motion mund the sun, is to be detected not by measuring 
its angular di.'itance from standard points on the celestial 
sphere such as the pole or the ^nitfiT but by observing die 
vanations in its distance from some star close to it, which 
from its faintness or for some other reason might be 
supposed much further off and therefore less affected by 
ihc earth’s motion. 

With this object in view Herschel set to work, to find 
pairs of stars close enough together to be suitable for his 
puriJO.St\ andf with his iwual eagerrusss (o sec and to record 
all that could be setni gathered in an extensive harvest 
of such objects. The limit of distance between the two 
ntembeni. of a pair beyond w'hich he did not think it w^orth 
while to go was 3', an interval imi>ereeptiblc to the naked 
eye except in cases of quite abnormally acute stghL In 
other words, the two stars—even if bright cnoi^h to lx; 

—would always appear as ofte to the ordinary eye+ 
A first catalogue of such pairs, each forming what may 
be called a doable atai, wn-; published early in 17S3 and 
contained 269, ofw-hich 337 were new discoveriesj a second 
catalogue of 434 w-aa presented to the Royal Society at the 
end of 17644 and his last ^i^per, sent to the Royal Astro- 
nomical Stx:iety in 1831 and published in the first volume 
of its memoirs, contained a list of 145 more. In addition to 
the position of each double star the angular distance between 
the two members, the direction of the line joining them, 
arid the brightness of each were noted. In some cases also 
curious contrajsts- in the colour of the two components were 
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observed. There were also not a few cases in which not 
merely two, but three, four, or more stats were found dose 
enough to one another to be reckoned as futmmg a multiple 
star. 

Herschc] had begun with the Mea that a double star 
was due to a merely accidental coincidence in the direction 
of two stars which had no connection with one another Jind 
one of which might be many times as remote m the other* 
It had, however, been pointed out by Michel I (chapter x,, 
§ 1151), as early as 1767, that even the few double stars 
then known afforded exam (lies of coincidences which were 
very improbable as the result of mere random distribution 
of stars. A special case may be taken to make the argu¬ 
ment cicarerr, though Micheirs actual reasoning wa? not 
put into a numerical form. 'I'ht bright star Castor (in the 
Twins) had for some time been known to consist of two 
stars, a and fi, rather less than 5^ apart Altogether there 
are about 50 stars of the same order of brightness as n,. and 
40a like fi. Neither set of stars shews any particubr 
tendency to be distributed in any special way over the 
celestial sphere. So that the question of probabilities 
becomes ; if there are 50 stars of one sort and 400 of another 
distributed at random over the whole celestial sphere, the 
two distributions having no connection with one another, 
what is the chance that one of the first set of stars should 
be within 5" of one of the second set? The chance is 
about the same as that, if 50 grains of wheat and 400 of 
barley arc scattered at mndom in a field of too acres, one 
grain of wheat should be found within half an inch of a 
grain of barley. The odds against such a possibility arc 
clearly very great and can he shewn to be more than 
300,000 to one. These are the odds against the CKUtence 
— without some real connection between the mcmliers—of 
a siitgk double star Eikc Castor; but when Hersohcl liegan 
to discover double stars by the hundred the improbability 
was enormously increased. In his first paper Herschel 
gave as his opinion that " it is much too soon to forni any 
theoriers of small stars revolving round targe ones," a remark 
shewing that the idea had been considered;^ and in 1764 
Michel I returned to the subject, and expressed the opinion 
that the odds in favour of a physioU reknion between the 
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mcnibers tjf Hcrschcrs ntw^y discovered double siars were 
beyond arithmeiic.^' .1- ^ ^,rci 

xL Twenty year^ after die publicaUon of bu first 
catalMue Herschel was of MicheIVs opinion, but was 
now^te to support it by evidence of an entirely novel 
and mueb more direct character. A sens 
of Castor, presented in two papers published in the PAi^' 
ntpAiffjl in iSoj and 1804, which were foriu^ 

mtely supplemented by an observation of Bradley s m 
17 eg, 1^ shewn a profiressive altcraUori in the t^rection 
of the line joininfi its two componeuts, of such a character 
aa to leave no doubt that the two st&fz were revolving 
round one another j and there were five other m 

whkh a similar motion was observed. In th^ sut 
it wuii thus shewn that the double star was really formed by 
a connected pair of stars near enough to induence one 
another's motion- A double star of thhS kind 
binary star or a phyaloftl double star, as distini^Lshcd from 
a merely optical double star, the two members of which have 
no connection with one another- In three includti^ 

Castor, the observations were enough to enable the penod 
of a complete revolution of one star round another, 

Z Eo on at a uniform rate, to be at any rate roughly 
estimated, the results given tjy Herschel being 342 yearn 
for Castor,* 375 and i,?oo yea« for the other two. 

L obvious inference that the rnotion of 
in a binary star was due to the mutuat gravitation of iis 
Lmb^^ though Hcrschers data were not enough to 
determine with any precision the law of the motiooi and 
it was not till five years after his death that the fifsl attempt 
L tc^dc to shew'that the orbit of a btnap^ 
as would follow from, or at any rate 

with the mutual gravitation of its members (copter xiiL, 
& too' cf also fig. rot}’ This may be tegard«l ^ th'? fii^t 
direct evidence of the extension of the law of gravitation to 

shewn lo^be binary, there was no reason why many others 
* Tht motion ctCMsl^r I*" 

and Ihc p«Km of ihc penOd b pd»ut pw: 

i» by no racinsa certwitt. 
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should not be eo theif mottan not hav'fng beeJl^ rapid 
enough to be clearly noticeable during the quarter of a 
oentury or so over vhich Herschel's observations extended; 
and. this probability entirely destroyed the utility of double 
stars for the particular purpose for which liersehel had 
originally sought them. For if a double star is binary, 
then the two members ore appro^cimately at the same 
dtsiance from the earth and therefore equally affected by 
the earth’s motion, whereas for the purpoae of finding the 
Itamllax it is essential that one should be much more 
remote than the other. But the discovery w'hJcb he had 
mode appeared to him far more interesting than that which 
he had attempted but failed to maJee ; in his own picturesque 
language, he hod, like Saul, gone out to seelc hb father^s 
asses and had found a kingdom. 

265. It had been known since Halley’s time (cliapter x., 
§ 203) that certain stars had proper motions on the celestial 
sphere, rebtive to the general body of stars. 'Die Conviction, 
that had been gradually strengthening among astronomers, 
that the sun U only one of the lixed stars, suggested the 
possibili^ tliat the sun, like other stars, might have a 
motion in space. Thomaa Wright, Lambert, and others 
had specubted on the subject, and 'fobbs Mayer (chapter x., 

225^6) hod shewn how^ to took for such a motion. 

If a single star appears to move, then by the principle of 
relative motion (chapter iv., § y;) this may be explained 
equally well by a motion of the star or by a motion of the 
oijserver, of by a combination of the two; and since in this 
problem the internal motions of the solar system may be 
ignored, this motion of the obsen'er may be Identified with 
that of the sun. Wlicni the proper motions of several stars 
Ore observed, a motion of the sun only is in general inade¬ 
quate to expbin thern, but they may be regarded as due 
cither solely to the motions in space of the stars or to 
combinatlohs of these with some motion of the sun. If 
now the stars, be regarded as motionless and the sun be 
moving towards a particular point on the celestial sphere, 
then by an obvious eficct of perspective the stars near 
that point will appear to recede from it and one another 
on the celestial sphere, while those In the opposite region 
will approach one another, dit magnitude of these changes 
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depending on tbe rapidity of the sun^s motion^ atid on 
the nearness of the stars in question. The effect is ejow^y 
of the same nature as that produced ^hen, on looking 
atong a street at night» two lainps on opposite sides of the 
street at some distance from us appear dose together, but 
as we wdk down the street towards them they appear to 
become more and more separated from one another. In 
the figure, for example, l and l' as seen from a appear 
farther apart than when seen from a. 



Fxa. 84.—tJlialrntihf the cff«l of the san* nvotian in spaCc- 


If the olwervcd proper motions of stars examined are not 
of this character, they cannot be explained as due ffterefy 10 
the motion of the sun ; but if they shew some tendency 
to move in this way, then the observatiora can ^ most 
simply explained by" regarding the sun as in nw^ioot and 
by assuming that the discrepandes between the dfecta 
resulting from the assumed motion of the sun juid the 
ob5cr«d proper motions are due to the motions in space 

of the several Stars. , . . l j . k- 

From the few proper motions which Mayer had at nis 
command he was, however, unable to derive any indication 

of a motion of the sun. .1. ,, l 1 

Hcrschel used the proper motions, published by MaskeiyM 
and Lalandc, of 14 stats {13 if the double stM CMtor be 
counted as only one), and with extraordinary insight detected 
in them a certain uniformity of motion of the kind already 
descritied, such as would result from a motion of the sum 
'Fhc point on the oelcsthd sphere towards which the sun 
was assumed to be moving, the npei as he called it, was 
taken to be the point marked by the star X m the constella- 
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tian. Hercules. A motichn of the sun in th;s dinectioiii 
would^ he founds produce in the 14 stars api^arent motions 
which were in the majoriij^ of cases in general agreement 
with those obsened.* This result was published in r7S3, 
and a months later Pierre Prhmit (t 751-183,9^) deduct 
a very similar result from 'rnbias Major's collection of 
proper tnotiorts. More than ao years later (1S05} Herschel 
took up the question again, using six of the brightest stats 
In a collection of the proper motions of published by 
Maskelyne in 1790^ which were much more reliable ilian 
any earlier ones, and employing more elaborate processus 
of calculation \ again the apex was placed in the constellation 
Hercules^ though at a distance of nearly 30® frnm the 
position given in 1783. Hetschers results were avowedly 
to a large extent speculatiee^ and were received by con- 
tempoiary astitinomers with a large measure of distrust \ 
but a number of far more elaborate modem investigations 
of the same subject have confirmed the general correctness 
of his work* the earlier of his two estimates appearingi 
however, to lie the more accurate. He aJso made some 
attempts in the same papers and in a third (published in 
1806) to estimate the speed as well as the direction of the 
sun's motion t but the work necessarily invoKi^ so many 
assumptions as to the probable distances of the stars— 
which were quite unknown—that it is not worth while to 
quote resulpv ntDre deHnite than the statement made in 
the paper of 1783, that " W'c may In a general way estimate 
that the solar motion can certainly not be less t ha n that 
which the earth has in her annual orbit.” 

266. The question of the comparative bright m.-ss of stars 
was, as we have seen 15S), of importance in ecmncction 
with Herschel's attempts to estimate their Felative distances 
from the &tTth and their arrangement in spa.ee j it also 
pT«ented itself in connection with inquiries into the vari¬ 
ability^ of the light of stars. Two remarkable cases of 
variability had lieen for some time known. A star in the 
VVhate (* Ceii or Afint) had been found to be at times 

More precisely, codating motiona in rieht owenaion And in 
drelinnEkin scparetely, be had 27 ahserved motiona t&dca] with (one 
of the aura hBvfri^ no malion in dreli nation); 23 iKrecd in ai^ h ith 
those whifih u'Ould rrault from the Asaupned motion of the sun. 
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iti^osible to the naked eye and at other tiTnes to be con¬ 
spicuous ; a Dutch astronomer^ PhoQfUiitt Hotwfsrda ( i 6 t 8 - 
1651), first clearly recognised its variable chanicier 
and IsmtiH BavUiau or /ttf/Baldus ^ 160S ” ^ ^ 4 ) ir^ 16fi J n\cd 
its period at about eleven months,, though it was found that 
its fluctuations were irregular both in amount and in pt^ritx^ 
Its variations formed the subject of the first paper published 
by HersehtI in the TransutBoHs An 

et^ually remarkable \'aria.bie star is that knowm as 
(or p Perj€t), the fluctuations of which were found to he 
perforn^ed with almost absolute regularity* Its variabilipf’ 
had been noted by Gunfimaatr A/i>/f/aitarj (ifi 3 a-r 637 ) m 
1669, but the regularity of its changes was first detected 
in 1783 hy John Gaadrieht (r764 lySfi), who was soon 
able to fix its period at very nearly s days 20 hours 49 
minutes. Algol, when faintest* gives about one-quarter as 
much light as when brightest, the change from the fir^it 
stale to the second being effected in about ten houm; 
whereas Mira varies ils light several hundredfold, hut 
accomplishes Els chaugesi much more slowly. 

At the Ijeginning of Kerschers career these and three or 
four others of less interest were the Only stare definitely 
recognised as variable, though a few others were added soon 
afterwards^ Scvcml records alst> existed of so-called " new' 
stars, which had Jiuddenly been noticed in places where no 
atnr had previously lieen observed, and which for the mast 
part rapidly became inconspicuous again (cf. chapEer 11., § 4^; 
chapter v., § too; chapter vii., § such siars^ might 

evidently 1^ regarded as variable stars^ the times of greatest 
brightness occurring quite irregularly or at long intervals. 
Moreover various records of the brightness of stare by earlier 
astronomers left little doubt that a good many must have 
varied sensibly in hrighintss. For example, a small star in 
the Great Dear (close to the middle star of the " tail was 
among the Arabs a noted lest of keen sight, but is perfectly 
visible even in our duller climate to persons with ordinary 
eyesight j and Castor* which appeared the brighter of the 
two Twins to Bayer when ho published hia Allas (1603)1. 
ims in the iSlh century (as now) less bright than Pollux. 

Herschcl made a good many definite measurements of 
the amounts of light emitted by stars of various magnitudes, 
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but was not able to carry out any extensive or systematic 
measurements on this plan, tVidi a view to the future 
detection of such clmne^ of brightness ns have just been 
mentioned, he devised and carried out on a targe scale 
the extremely simple method of aeqttenoei. If n group of 
stars are oh^rved and their order of brightness noted at 
different times, then any alteration in the order will 
shew that the brightness of one or more has changedr So 
that if a number of stars ani observed in sets in such a way 
that each star Is recorded as being less bnght than certain 
stars near it and brighter than certain other stars, materials 
arc thereby provided for detecting at any future time any 
marked amount of variation of brightness, ticrschd pre* 
pared on this plan, at various times between t jyf* ^ 799 p 
four cataloging of comparative brightness based on naked- 
eye observations and comprising aitogether about 3,000 
staoi. In the course of the work a good many coses of 
slight variability were noticed; but the most interesung 
discovery of this kind was that of the variability of the 
well-ltnoffn stor^i //fmrf/r, announced in 1796, The period 
was estimated at do days, and the suir thus seemed to form 
a connecting link between the known variables which like 
Algol had periods of a very few days and those (of which 
Miia was the best known) with periods of some hundreds 
of days. As usual, Herschel was not content with a mere 
record of observations, but attempted toc;(pliiin the observed 
fact'i by the supposition that a variable star had a rcnaiion 
and that its surface was of Unequal brightness- 
367. The novetry of tlerschers work on the bited stars, 
and the very general character of the results obtained, have 
caused th^ pan of his researches to overshadow in some 
respects his other contributions to astronomy, 

1 hough it was no part of his plan to contribute to that 
precise lc.now'iiL'dge of the motions of the b^ies of the solar 
system which absorbed the best energies of most of the 
astronomers of the iSth century — whether they were 
observers or mathematfcLans—he was a careful and success¬ 
ful observer of the bodies themselves. 

H e discoveries of Uranius, of two of its satellites, and of 
two new satellites of Saturn have been already mentioned 
in connection with his life (§§ 75^, He bcliuvcd 
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to have seen also (1798) four other satellit^ of 
Uranus, but thetr existence was never saii^i^ctorily verifier j 
and the second pair of saielliits now hnown to belong to 
Uranus, which were dL«:ovcred hy La^tt in 1847 (chap¬ 
ter xtiL. ^ a95)’ 'do not a^ec in positiem and motfot? with, 
any of Hersehels four. It is therefore hishty probabte that 
they were ntere optical illusions due to defects of hts mirror, 
though it is not impossible [hat he may have caught glimpses 
of one or other of Ussell's satellites and misinteipreted the 
observations. 

Saturn was a favourite object of study wutb Herechel from 
the very beginning of his astronomicai and seven 

™i?crs on the subject w^eie published by hira between 1790 
and 1806. He noticed and measured the deviation of the 
planeds form from a sphere (1790)] he observed vanoiis 
mnrhings on the surface of the planet iiselfi and sttims to 
have seen the inner ring, now known from its appearance 
ojj the ciapc ring (chapter xiii,, § f^hough he did nor 
n^ogrtisc lUs rmturt?. By oljMrviiliDns of soinc ruArkings 
some distance from the equator he discover^ (i79°) 
Saturn roUtted on an axis, and fixed the period of rotation 
at about loh. 16 m. (a period differing only by about ^ 
minutes from modem estimates), and by similar observations 
of the ring (1790) concluded that it rotated in about loi 
hours, the axis of rotation being in cadi cose perpend iculir 
to the plane of the ring. (Tie satellite Japetu.s, discoverod 
hy Cassini in 167* (chapter viii., § 160), had long been 
recognised as variable in brightness, the light emitted being 
several limes as much at one lime as at another, Herschcl 
found that these variations were not only perfectly r^lar, 
but recurred at an intern! equal to that of the satellite's 
period of rotation round its primarj' U 79^)1 ^ conclusion 
which Cassini had thought of but rejected as inconsistent 
wi th his observations. This peculiarity was obviously rapable 
of being explained by supposing that different portions of 
jape [us had unequal (Kiwer of refitting light, and that like our 
incuui it turned on its axis once in ever)' revolution, in such 
a way a-s always to present the same faff towards Its 
primary, and in consequence each face in turn to an 
oliseirver on the emth. It was natural to conjecture that 
such an anangeraunt was general among aatellii'cs, and 


! 




350 A Sh&ri History i>f AitrsKomy [Cu- siL 

Herschcl obUmcd (1797) some evidence of variability in 
the f^tellites of Jupiterj. which appeared to him to iupporl 
this hypothesis, 

Hctschcrs observations of other planetii were less 
numitTous and itnportant. He rightly rejected the supposed 
observations by Schrocter (§371) of ynst mountains on 
Venus, andwa,-! only able to detect some indistinct inartingp 
from w'hich the planefs rotation on an axis could be 
fiomewhat dnubtfully inferred. He frequently observed the 
familiar bright bands on Jupiter comiuonly called belts, 
which he was the first to interpret (1793) as bands of 
cloufL On Mars he noted the periodic diminution of the 
white caps on the tivo poles, and observed how in these 
and other respects Mars was of all planets the one most 
like the earth. 

26S. Hcrschel made also a number of careful ohsensi- 
tions on the sun, and based on them a famous theory of its 
structure. He confirmed the existence of various features 
of the solar surface which had been noted by the earlier 
telescopists such as Galilei, Scheiner, and Hevel, and 
added to them in some points of detail. Since Galitei's 
time a good many suggestions as to the iiature of spots had 
been thrown out by ^’orious obseri'ers, such as that they 
were clouds, mountain-tops, volcanic products, etc., but 
none of these had been sup|>orted by any serious evidence. 
Herschel’s observations of the appearances of spots suggested 
to him that they were depressions in. the surface of the sun, 
a view w^hich derived support from occasional observations 
of a spot when passing over the csige of the sun as a 
distinct depression or notch there. Upon this somewhat 
slender basis of fact he constructed (1795) an elaborate 
thcojy of the nature of the sun, which attracted very general 
notice by its Ingenuity and picturesqueness and commanded 
general assent in the astronamical world for more than half 
a century. 'Fhc interior of the sun was supposed to be a 
cold dork solid body, surrounded by two cloud-layers, of 
which the Cuter was the phetotphere or ordinary sutface of 
the sun, intensely hot and luminous, and the inner served os 
a fire-RCTcen to protect the interior. The umbra (chapter vl., 
§ 124} of a spot was the dark interior seen through an 
opening in the clouds, and the penumbra corresponded 
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lo the inner ctcjud-tayer rendered luminous by light from 
above. 

‘^Thc aun vic^ved in this lieht appears lo be nothbf! cIm 
than a very eminent, lainRe, »nd lucid planet, evidently the fitel 
or^ in atrictnesi of speaking, ihc only primaTy one of put 
aystcni i . . , it 3a tno.Tl pinbably lJ5a inliahitedl, like the real 
of ihe planets, hy beings whoae organs _^Qrc adapted to the 
peculiar drcumilances of that vast globe.'* 

That sp035 acre depressions hnd been suegesled more 
than twenty je&rs before (t 774 ) by Akxnndtr 
fJlasgow (1714-1766), and supported by evidence diflereiit 
from any adduced by Herschel and in some ways more 
conclusive. AVilson noticed, first in the case of a large 
sTiot seen in 1769. and afterwards in other cases, tliai as 
the sun's rotation carries a spot across its disc from one 
edge to another, its appearance changes exactly as ii would 
do in accordance with ordinary laws of pers| 5 eciive if the 
spot were a saucer-slia|>cd depression, of which the bottom 
formed the umbra and the sloping sides the penumbra, 
•iince ihc penumbra appears narrawest on the side nearest 
the centre of the sun and w idest on tbc side nearest the 
edge. Hence Wilson inferred, like Herschel, but with 
less confidence, that the body of the sun is dark. In 
the paper referred to Herschel shews no signs of being 
acquainted with A Vi Ison'S work, but in a second paper 
(1801), which coniained also a valuable series of observa¬ 
tions of the detailed markings on the solar surface, he 
refers to ^\'ils^>n's geometrical proof'* of the depre.^ion 
of the umbra of a spot. 

Although it is easy to sec now that Herschel*s theory was 
a rash generalisation from alight data, it nevertheless esf- 
plained—with fair success—moat of the observations made 
up to that timt 

Modem knowledge of heat, which was not acce'isible 
to Herschd, shews us the fundamental impossibility of 
the continued existence of a body with a cold interior and 
merely a shallow ring of hot and luminous material round 
it; and [he theory in this form is therefore purely of 
historic interest (cf. also chapter xiit., §§ a98, jojh 

a6g. Another suggestive idea of Her&chel's was the 
analogy t>eiwccn the sun and a variable star, the known 
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variation in ihc number of spots and possibly of other 
markings on the sun suggesting to him the probability 
of a certain variahitity in the total amouQt of solar light, 
and heat emitted. The terrestrial influence of this he 
tried to measure—in the absence of precise meteoro¬ 
logical data—with chamctetistic ingenuity by the price of 
wheat, and some evidence was adduced to shew that at 
times when sun-spots had been noted to be scarce- 
corresponding according to Hcischcl’s view to periods 
of diminished solar activity—wheat had been dear and 
the weather presumably colder. In reality, however, 
the data were insuCheient to establish any definite com 
elusions. 

270, In addition to carrying out the astronomical re^ 
searches already sketched, and a few' others of less import¬ 
ance, Hcrschel spent some timCf chiefly towards the end of 
his life, in working at light and heat; but the results obtained, 
though of considerable value, belong rather to physics than 
to astronomy, and need not Ik dealt with here. 

271, It is natural to associate Herschcl's wonderful series 
of discoveries with his pO-ssession of telescopes of unusual 
power and with his formulation of a new programme of 
astronomical inquiry; and these were certainly essential 
elements. It is, however, significant, as shewing how im¬ 
portant other considerations were, that though a great 
number of hi* telescopes were supplied to other astro¬ 
nomers, and though his astronomical programme when 
once suggested was open to all the world to adopt, hardly 
any of hi* contemporaries eaecuicd any considcrabli: 
amount of work comparable in scope to his own. 

Almost the only asttonomer of the period whose work 
deserves mention beside Merschers, though very inferior to 
it both in extent and in originality, was Johann Hioronyntns 
Schrotter {1745" r8 id). 

Holding an olTicial position at LflienthaJ, near Bremen, 
he devoted hb leisure during some thirty ysus to a scrutiny 
of the pLinets and of the moon, and to a lesser extent of 
other bodieiu 

As has been seen in the case of Venus 267), bis results 
were not always reliable, but notwithstanding some errors 
he added considerably to our knowledge of the appearances 
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mesented hy the various planets, and in particular studied 
the visible features of the moon with a minuteness and 
accuracy (ar exceeding that of any of his predecessors, 
made some attempt to deduce from his observations daU 
as to its physical condiliotL His two volumes on the 
moon {Sekn9t0pographii(ki Fragmtntt^ 1791 and and 

other minor writings, arc a storehouse of valuable detail, 
to which later workers have been largely indebted. 


CHAPTER XIII. 

THK NINETEEKTH CILKTUKV. 

^The the apherr cif our knowled'K, the tuwr ii ihc 

iiirl^cc of ita cQHtict with ific of our 

aja. The last three chapters hive caninit^ed same sccoimt 
of pr^ps made in thr« branches of astronomy which, 
though they overlap and cierdse an important infitiertce on 
one MothtY, an; to a large extent studied by diiTercnt men 
and by different methods, and have difTereni aims. The 
drfTcieiice js perhaps best realised by thinking of the work 
ot a great master in each depaitmcnl, Bradley, Laplace* 
Herschcl. ^ great is the diiTertnce that r>eJamhre 
m his _standard history of astronomy all but ignores the 
wor o 11C greai school of matheiiiatical sstronomera who 
were his conictnporajic!! and immediate predecessors, not 
fn^ any want of apprccUticm of their importance^ but 
bj^use 1^ regards their work as belonging rather to mathc- 
ma ICS thin to astronomy^ whHe Bessel (§ 277), m saying 
the fujKtion of astronomy is *■ to assign the places on 
me sky where sun* moon, planets, comets, and stars have 
T* excludes from its scope nearly 

evening low^s which Herschers energies were directed 
modera pmettee is, however, more liberal in its 
t^e of iM^age than either Delambre or Bessel, and finds it 
oonvement to^ recognise a|] three of the subjecu or groups 
of subjects refer^ to as integral part^ of oni sden^® ^ 
h ^ iTslation of gravitational astronomy and what 

has been for ^nvemence called observational astronomy 
has l>cen already referred to (chapter x.* § igd), nVhTuTd! 

hitherto been used chiefly for only one part of the asirono- 
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micul work which conocims it.self primarily with olKervaiionn 
Observing played at least as large a part in Herschers 
work tis in Bradley^a, but the aitnii of the two men were 
in many ways diflerent, Bradley was interested chiefly in 
ascenaitiinif as accurately as possible the apparent positions 
of the fixed stars on the Celestial sphere^ and the positions 
and motions of the bodies of the solar ^'stem, the former 
undertaking being in great part suliPiidiary to the latter. 
Herschd, On the other handj though certain of his re¬ 
searches, into the parallax of the fixed stars and into 
the motions of the satellites of Uranus, were precisely like 
some of Bradley's, was far more concerned with questions 
of the appearances, mutual relations, and structure of the 
celestial bodies in themselves. This latter branch of 
astronomy may conveniently lie called dMonptive attronumj, 
though the name is not altogether appropriate to inquiries 
into the physical structure and chemical constitution of 
Celestial bodies which are often put under this head, and 
which play an important part in the astronomy of the 
present day* 

J7J. Gravitational astronomy and exact observational 
astronomy have made steady progress during the nineteenth 
century, but neither has been revolutionised, and the 
advances made have been to a great extent of such a 
nature as to be barely intelligible, stUl less interesting, to 
those who are not experts- The account of them to be 
given in this chapter must therefore necessarily be of the 
slightest character, and deal either with general tendencies or 
with isola ted results of a less technical character than the rest 

Inscriptive astronomy, on the other hand, which can be 
rc^irded as being almost as much the creation of Herschel 
as gravitational astronomy is of Newton, has not only been 
greatly developed on the lines laid down by its founder, but 
has received— chiefly through the invention of spectrum 
analysis (f 299)—extensions into regions not only unthotight 
of liui barely imaginable a century^ ago. Most of the 
results of descriptive astronOTTiy—unlike those of the older 
bnirKlies of the subject—are readily intelligible and fnirly 
interesting to those who have but little knowledge of the 
subject; in particular they are as yet to a considerable 
extent independent, of the inatheniati<^ ideas arni language 


[Cii. xm. 


J 56 A Short History 0 / Aiironomy 

which dominate so much of S-Stronomy and render it 
unattractive or inaccessible to manyr Moreover^ not only 
pn descriptive astronomy be appreciated and studied, but 
it-s progress can materially be a-wisted, by observers who 
have neither knowledge of higher niathematics nor any 
elaborate insmunental equipmenL 

Acoordingty, while the successors of Ijplaoe and Bradley 
have been for the most part astronomers by prore^ion, 
attached to public observatories or to universities, an 
immense mass of valuable descriptive work has been done 
by amateurs who, like Hcrschel in the earlier ^lart of his 
career, have had to devote a large part of their energies to 
professional work of other kinds, and who, though in some 
eases provided with the best of instruments, have in many 
others been furnished with only a slender insirumenial 
outrit. For these and other reasons one of the moat 
notaljle features of nineteenth century astronomy has been 
a great development, particularly in this country and in the 
United States, of geticnil interest in the subject, and the 
establishment of a large number of private observatories 
devoted almost etitircly to the study of special branches of 
descriptive astronomy. The nineteenth century has ac¬ 
cordingly witnespd the acquisition of an unprecedented 
amount of deUllcd astronomical knowledge* But the 
wealth of material thus accumulated has outrun our powers 
of interprctatiofi, and in a number of cases our knowledge 
of some particular department of descriptive astronomy 
consists on the one hand of an immense scries of careful 
observations and on the other of orte or more highly 
speculative theories, seldom capable of cKplatning more 
thaiT a small ponion of the observed facts. 

In dealing with the progress of modern descriptive 
astronomy the proverbial difficulty of seeing the wood on 
account of the trees is therefore unusually great* To give 
an account within the limits of a single chapter of even, the 
most important facts added to our knowledge would be a 
hofKless endeavour ; fortunately it would also be superfiuous, 
as they arc to be found in many easily accessible textbooks 
on astronomy or in treatises on special jam of the subject. 

^ attempted is to give some account of the 
chief lines on winch progress has been tnade, and to 
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indicate some general conclusions which i«ein no be 
established on a tolerably secure basis, 

274, The progress of exact ohaervatioo has of coit|^ 
been lias^ very largelj' on jnstrumemal advances, Not 
only have great improvements been made in the cxttiemely 
delicate work of making large IcnseSp but the groduated 
circles and Other pajts of the mounting of a telescope 
uuorr which accuracy of ineasurctncnt depends can also be 
cor^siniciod with far greater eKactiiude and certainty than 
Hit the bceinning of tbc century. New methods of mounting 
telescopes and of making and recording obsemtions have 
aliio liecn introduced, all contributing tO' greater accumey. 
For certain special problems photo^pUy is found to 
present great advantages as compared with eye-observations, 
ihaugh Its most important applications have so far been to 
descriptive astronomy. 

175. The necessity for making allowance for various 
known sources of errors in observation, and for diminishing 
as far as possible the effect of errors due to unknown causes, 
had been recognised even by Tjcho Brahe (chapter v,, 
§ j 10), and had played an important part in the work 
of Hamstecd and Bradley (cliapter x,, §§ 19^5 218). 
Some further important steps m this direction were taken 
in the earlier part of this centuryv 'the method of 
least squoxet, established independently by two ^eat 
matheiruatictans, Adrittt MarU I^geruirr ^ 

Parts and Cari ErirdrifA Gtsuss (17 7 7 “ *^55 ) Gottingen, 

vi-as a systematic method of combining observations, 
which gave slightly dflTcrcnt results, in such a way 
os to be os near the truth as possible^ Any ordinary 
physirsil measurement, f.jf, of a length, however carefully 
eicecut^^ is necessarily imperfect j if the same measureraent 
is made several times, even under almost identical condi¬ 
tions, the results will in genera! differ slightly, and the 
nucstion arises of combining these so as to gel the most 
satisfactory result. The tsommon praaice in this simpk 
case has long l^en to take the arithmetical mean or average 
of the dllferent results, Bui astronomers have constantly 

• The method w»a iHiblSahcd by UjEcndre ia iSt^ ind by Gaim 

Sn i8o9T hut it wM Jq^'vctitedl used by thr Mller more tnm m 
yean eJirUcr. 
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to do] 'with niDre complicated cases in which /ttv or moru 
unknown quantittes have to be determined from observa¬ 
tions of diflerenl quantities, as, for example, when the 
elements of the orbit of a planet ^chapter xn, § 336) have 
to be found from observations of the planel^s position at 
different times. The method of least squares gives anile 
for dealing with such cases, which was a generalisation 
of the ordinarj' rule of averages for the rasf of a single 
unknown quantity; and it was elaborated in such a way 
as to provide for combining observations of different i-alue, 
such os observations taken by observers of unequal sltiil 
or with different instruments, or under more or IttS ^vour- 
able conditions as to w'eatber, etc. It also gives a simple 
means of testing, by means of their mu tutu consistency^ 
^ series of observations, and comparing their 
probable accuracy with that of some other series ejiecultd 
under different conditions. The method of least squares 
and the spedal case of the " average'' can be deduced 
Irom a certain assumption as to the generaJ chameter of 
the cau^ which produce ilie error in question; but the 
assumption itself cajinol be justified n/z-wr/j on the other 
han^ the satisfactory results obtained from the application 
o ic rule to a great variety of problems in astronomy 
and m physics has shewn that in a large number of cases 
unknown ausia of error must be approximately of the 
type considured The method Is therefore ve47 widely 
us^ in agronomy and physics wherever it is worth 
while to Lake trouble to secure die utmost attainable 
accuracy* 

ajft. Legendres other contributions to science were 
almost entirely to liranches of mathematics scarcely affect¬ 
ing astronomy. Gauss, on the other hand, was for nearly 

tifil observatory of Gottingen, and 

though his most brilliant and important work was in pure 
imilwmaliM, while he carried out some rcsearebes of first- 
mte mportanoein m^eusmand other branches of physics, 
he also made Mine further contributions of importance to 
■ ronomy. rhe^ were foi the most part processes of 
^culation of various kinds required for utilisinB astrono- 

calculating the crbit of a planet from three oomptcK 
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oliserradons of its ptKition, which was published in his 
Main! As we hitve seen (chapter *i., 

S 4i 6), the complete determination of a planets orbit 
depends on six independent elements: any complete ob¬ 
servation of the planet's position in the sky, at any nme, 
jjives two quantities* (he right ascension and deohnauon 
fehaoter n., § Si); hence three complete observatioii!i 
give six equations and are ihearatically ado^uaie to de¬ 
termine the elements of the orbit; but it had not hitherto 
been found necessary to deal with the problem in this 
form The orbits of all the planets but Uranus had l^n 
worked out gradually by the use of a series of observations 
extending over centuries; and it was feasible to use o^ 
servations taken at particular times bo chosen that certarn 
elements could be determined without any accurate know¬ 
ledge of the others; even Uranu* had been under observa¬ 
tion for a considerable time before path was deterrmn^^ 
with anything like accuracy; and in the ca^ of oomc^ 
not only waii a considerable scries of o^nrations 
available, but the problem was simplified by the fact 
the orbit could be taken to be nearly or qinlfi a parabola 
instead of an ellipse (chapter ix., § 190). The discovciy 
of the new^ planet Ceres on January isl, ifci (9 ^94)* And 
its loss when it had only been ol^rved for a few w«its, 
presented virtually a new problem in the calculation of an 
orbiU Gauss applied his new iiiEthods--iTicluding that 
of least squares—to the observations available, :md with 
complete success, the planet being red^coveted at the 
end of the year nearly in the position indicated by his 

calcubtions, , - « r . 

377. The theory of the "reduction of obscrvatioiw 

(chapter JL-t § 218) first systematiKd and v^ry mu^ 
^proved by /'ngdrinA (ijN- 1846)1 who 

wax for more than thirty years the doctor of the new 
Prussian observatory at Korugsberg. His first ^cat work 
was the reduction and publication of Bradley a Grcen^ch 
observ'ations (chapter x.. § ai8). This undertaking involved 
an elaborate study of such disturbing Muses as ^ecesa^n, 
aberration, and refraction, as well as of the errors of Bradley s 
instruments. Allowance was made for these on a uniform ai^ 
systematic plan, and the result was the publication m 
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under the title Fundatmnhi AsiroAi^mitte^ of a catalogue of 
the places of 3>a2a stars as they fcerc in 1755* A special 
problem dealt with in thti course of the worJs was that of 
refraction. Although the complete theoretical solution 
was then as now unattainable^ Btasel succeeded in con- 
st^cting a table of refractions which agreed very closely 
with observation and was presented in such a form that 
the necessary correction for a star in alntost any position 
could be obtained with very little trouble. His general 
methods of reduction—published finally in his Tabulae 
(1830)—also had the great advantage of 
arranging the necessary calculations in such a way that 
they could be performed with I'ery little labour and by an 
almost mechanical process, such as could easily be carried 
out by a modeiateJy skilled assistant. In addition to 
editing Bradley’s observations, Bessel undertook a fresh 
senes of abser^utloiis of his own, executed between the 
^'821 and 1833, Upon which were based tw'o new 
catalogues, containing about tiajooo star& which appeared 
after his deatij. 

278. The most memorable of Bessel special pieces of 



work was the first definite detection of the parallax of a 
fixed star. He abandoned the test of brighmis as an 
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indication of neamesSt ^d selected a star (61 Qgnij 
which was Ijately visible lo the nak^ eye but 
markable for its large proper motion (ateui 5 per annum h 
evidently if a star is moving at an assigned rate (in miJes 
per hour) through space, the nearer to the ohse^f it is the 
more rapid does its motion appear to be, so that apparent 
rapiditi' of motion, like brightness, is a 
probable but by no menus infallible 
indication of neamest A modification 
of Galitei’a dilTerenlial method (chap¬ 
ter vi,, § 139? and chapter xii., § adj) 
being adopted, the angular distance 
of 6 t Cygni from two neighbouring 
stars, the faintness and immorabibty 
of w hich suggested their great distance 
in space, was measured ai^frefjneni 
intervals during a jear. From the 
changes in these distances sr (t 
(I n fig, 3 s). the siEC of the snoall dhp« 
descriljed by w could be calculated, 

Tlie result, announced at the end of 
i 8 t 3 , was that the star had an annual 
parallax of about (chapter vml, 

§ i&r), ie. that the star was at such 
distance that the greatest angular di^ 
lance of the earth from the sun viewed 
from the star (the angle so- e in fig. Sfi, 
where s is the sun and e the earth) 
was this insignificant an^e,* The 
result was confirmed, with slight altera¬ 
tions bv a fresh investigation of 

BessiVs In .*39--4». ta' ".f ^ 

seems to shew that the parallax is □ 

little less than With this latter 

estimate, the apparent siie of the earth's path round the 

sun as Men from the star is the same as that of a halfpenny 

* The OeureliM la be (tjorraMily tiragseratetJ, “ 

being about ti^. and Ihertfore about 1«^«0 l.»« tw 

K, 5 ^ Ball and Ihc laW Prafcnor Prltebord t 4 2 ^?) 
p^virioboUy accepted am not very from. Uw truth. 
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at a disiance of rather more than ihf« miles, fn other 
wordSf the distance of the star is about 400 000 times the 

d,su^ of U.e son, which is itself obooi ti^^oTSiS 

sucha',^„'|i£"‘i^ “ ""!« <>)■ which to mcasuw 

suena vast Uistaace; and the practice of csoressine ^fuch 

distimces by means of the lime rnjquircd by light to Mrform 
iheioumey IS often convenient J'mvelhng at the^ieTf 

.86 000 m.lM Acs«»«f «s 83), li,^t cik« rX, .Sore 

than SIX years to mneh us from Cygnl 

hafflS' wlution of the great problem which had 

tttlfled astronomers ever amce the time of CoDoernicn^ 

Z,Tu^h announced a parailai of nearly r' 

die J^WednrA WUhtlm 

hove sebre- 

diXy wS,’’, X “clcr^ 

m.hXSLhrr"’' •**“ ““rtoined 

•blc. if rather uncettain^arJh?^"^*’™™'*''- 
its ^11 os th^ „X,"' 

about four yeaXA ^wV?^ 'ghl jouraey from it being 
have X efflmmi eureber of other siara 

results, tndicatintc thut their highly uncertain 

measured w.m ™r „r™ ^ P.^^'^Uases are too jmsil to he 
are correipondingly great? '““I ‘heir distances 

a&j. A nuiobeT of star catalat-im imA ** 

iedge*r,i;'"x«orj? 'rt 

materials for icerialnini! ^ providing fresh 

the sky at diSetent 

mtniona of the surs anTthc 

s««u UK amount of precession. a4mong 
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the most import^ht a the gnc^^t catalo^MC of 324 j 198' slais 
in. the northern hemiaphen; known Ji3 the Bonn J^r^A- 
mas/^rungf pubti^ed in 1859-^2 by Besser? pupil /^mdricA 
iFilMm August Argttandtr (t J99- ^ ^75) 3 citteiKled 

(1875^85) so as to include t33»*S9 ^ porHon of 

the southern hemisphere by E^duard iii:A«j^ 7 J(r 8 j 8 '’i'^i/J 
Btnd more recently Dr* Gi/i has csecutcd nt the Oipc 
photographic obsersiatioits of the remainder of the southern 
hemisphere, the reduction to the form of a cataltffiuc {th^ 
first instalment of which was published in iSrjfi) having 
been performed by Professor Aa/^f^yu of Groningen. The 
star placed detemiincd in these catalogues do not profess 
to be the most accurate attainablet and for many purpo^ 
It 19 imporLiiiit to koo’W’ with ihfi utmost Jicctirflcy the 
positions of a smaller number of star^ The greatest 
undertaking of this kind, set on foot by the Carman 
Astronomical Society in i^ 7 t aims at the construction, by 
the co-operalion of a number of observatoriei^ of catalogues 
of about 130,000 of the stars conta.inetl in the approximate 
catalogues of Atgelandcr and SchOnfcId ; nearly half of the 
work has now been published- 

The greatest scheme for a survey of the sky yet attempted 
is the photographic chart, together with a less ^temive 
catalogue to be based on it, the construction of which wm 
decided on at an inteinatioiial congress held at Puris 
in 1887. The whole sky has been divided between 18 
observatories In all parts of ihc world, from Helsingfors in 
the north to Melbourne in the south, and each of these 1 s 
now taking pbotogtapbs with virtually idcntiol insl^meni^ 
It is csbmaied that the complete chart, which is intended 
to include stars of the i4Ch magnitude,* mil contain abou t 
20,000,ooo stars, 2,000,000 of which will be catalogued 

281. One other great problem—that of the disj^cc of 
the syn—may conveniently be discussed under uis head 
of observational astronomy. * , u 

The transits of Venus (chapter 3 L, f§ 202, J27J which 
occurred in 1874 and 1882 were both extensively observed, 

* A a ivcmce of the t4tli mliffniUMlc b tcviOO Um™ tiinKT 
iha-n one of the 4 Lh mifnatodc. which asim i* abcMit 150 Um-c* IOM 
bri^l diAn ijiriuB. S« 4 it's- 
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iht o]di melhods of linitj^obMn’aiiDn being supplemcnE^ 
by phoio^phy and by direct micromccric measuronients 
of the positions of Venus hvhile ti^iuiiing. 

The method of finding the distince of the sun by means 
of obsen-atitMi of Mare m opposition {chapter vin.j, § i6i) 
has been employed on several occasions with considetable 
SUCCESS^ notably by Dr, Git] at Ascension in 1377. A 
methijd originally u.sed by Flamsteed, but revived in iSc? 
by Sir O'fifrffe Bidden Airy (iSo'i-iS^a)^ the late Astrononjcr 
was adopted on this occasion. For the determination 
of the parallax of a pbnet otKervations have to be made from 
two different msltiot^at a known distance apart; commonly 
mesc are taken to be at two different observatories, as 
far as possible removed from one another in latitude. 
Alp’ pointed out that the .>iarne object could be attained if 
only one observatory^ were used, but obsen-ations taken at 
an interval of some hours, as the relation of the earth on 
Its asis would in that tinne produce a known disptacement 
^ the observer’s position and so provide the necessarv 
se itne. The apparent shift of the planet’s position 
could be most easly ascertained by measuring (with the 
mn^omclcr) its distances from neighbouring fixed stars, 
lit IB method (known as the diumal melbtxl) has the great 
ad^imtagc, among othera, of being simple in application, a 
sirt^ obterver and instrument being all that is needed 

e diurnal method has also been applied with great 
auc^s to certain of the minor planets {§394). Revolving 
^ they do t^tween Mars and jupitcr, tltcy are all farther 
oj from us t^han the former ; but there is the compensating 
advantage that as a minor planet, unlike Mare, is, as a 
niip too small to shew' any appreciable disc, it angular 
distance from a neighbouring star ia more easily measured. 
Iheemplc^rncnt of the minor planets in this way was first 
suggeste by ^ofessor GalU of Berlin in 1872, and recent 

h. .MS SI?* sJ/fitf, and /to 

“f under the 

general direction ol Dr. Gill, have led (o some of die most 

satisfactory determinations of the sun’s distance, 
tK * known to the mathematical astronomers of 

the iSth century that the distance of the sun could be 
obtained from a knowledge of various pcrturl>atit>ns of 
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menibera of the solar sj-stcw; and Laplace had deduced 
a vTiluc of the sokir parallax from lun^ theory. Improv^ 
ments in gravitnlional astronomy and in observation ^ 
planets ahd moon during the present eentu^ 
considenibly to the value of th^ methot^. 
ineEuSaritv En the moon^s motion known as the 
laeqnalitTp and another in the motion of the sun, cal^ 
ihe lanar equatieii, due to the dLspkccmerU of the earti 
hv the aiiraciion of the moom ahtc depend on the ratio 
of the distances of the sun and moon from the 
the amount of either of these inequaim® 
the distance of the sun can therefore be deduced, that of 
the moon being known with 

vinua] application of the first of these methods that Han^n 
{S sSfi) in 1R541 in course of an elaborate invesii^ticm 
of the lunar theory^ ascctiained that the current value of 
the sun's distance was decidedly too large, and 
{§ 388) confirmed the correction by the se«md method in 

'^Sain, certain changes in the orbits erf our two neigh¬ 
bour, Venus and Mars, are known to depend ^ 

ratio of the masses of the sun and earth, ^d can hence 
iic connected, by graviiationali prinaples, with the quanttiy 
sought- Leverrier pointed out in 1861 that the motions 
of Venus and of Mors, like that of the moon, were irtcon- 
sislcnl with the received estimate of 
he subsequently worked out the meth^ 
and dSuccil (187a) '■alues of the parallax. Ihe displace- 
ments to be observed are very minute, and their acci^te 
deiemiination is by no means easy, but 
secular {chapter xi., f so that m the 
they will be capable of very eiact mmurement. Leaemcfi 
method, which is even now a valuable one, must therefore 
almost inevitably outstrip alt the others which arc at pr^nt 
known i it is difftcnli to imagine, lor example, that the 
transits of Venus due in 2004 and 201a will have any 
value for the purpose of the determination of the sun s 

distence^^^ other method, in two slightly d^ereni formsj 
has become available during ^n^ury. The dis^ce^ 
meni of a star by aberration (chapter x., §aio) depends 
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upon the ratio of the velocity of light to that of the earth 
m ]ts orhit Tcumd the sun; and obticrvatioiuii of Juoiter'j 
sa dlit« the manner of Roeiner {chapter viii„ S i6j\ 
^■c die lijlit^iqBatKui, or ifnie occtipiud by light in 
^veiling from the sun to the earth. ^Either of these 
quantities^f which aberration is the more 
^ to determine the vclocily 
of Eight when the ddmeasioni of the soEir system are Itn^rf 

velM^v'orri^h^'" 'flde^ndent method of determining thd 

devised since, and three cont- 
by M, Cornu in 

a^ad^mW^t ^fi^Arison (1870) 

anti Irofessor (iSdo-Kj) in the Unh(-d 

a^mg closely with one another, combine to Eia the vdocS 

of Hansen juiH I j.,.-*. graviiational methods 

veSof caHier determinations of the 

onhe'^p^EL®x^"’“frSh\^ 

'm to a distance of mthir mom than n ^ ® 9S,cor^pand- 
io common ust V 9J^iOoo,*oo miics, was 

-"■iihod,, th. |„™i M MT“'i 

ame jippiiod 10 ,b= t,. ^88*-%/ 

¥!S=; Ny««’. C-..U.. =>f .bc™b.« 
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aberration, unite in giving values not diRering from 8*'So 
by more than two or three hundredthH of a second The 
results of the bst transils of Venus, the publication and 
discussion of which have been spread over a good many 
years, point to a somewhat larger value of the paralkx^ 
Most astronomers appear to agree that a parallax of 
corresponding to a distance of rather less than 93,000,000 
miles, TEpresenLs fairly the available data, 

185. 'Ihc minute accuracy of modern observations is 
well illustrated by the recent discovery of a variation in 
the latitude of sewml observatories. Ohservaiiouii taken at 
Berlin in 1884-85 indicated a minute variation in the latitude; 
special series of observations to verify this were set on 
foot in several European observatories, and subsequently at 
Honolulu and at Cordoba. A iieriodic altciatioti in latitude 
amounting to about emerged as the resulL Latitude 
being defined (chapter x., § aai) as the angle which the 
i-crtical at any place mates with the equator, which is 
the ssanie as the elevation of the pole above the horizon, 
is consequently alieretl Iry any change m the equator, and 
ibereforc by an alteration In the position of the earth's poles 
or the ends of the axis about which it rotates. 

Dr. S. C\ ChandUr succeeded (i 8 ^i and subsequently) 
in shewing that the observations in question could be in 
great part explained by supposing the earth’s axis to undergo 
a niinutiu chnnge of position in socti n. "Wfly tlia.i citlipr pojc 
of the earth describes a circuit round its mean position in 
about 437 days, never deviating more than some jo feet 
from it It is well known from dynamical theory that a 
rotating body such as the earth oan be displaced in this 
manner, but that if the earth were perfectly rigid the period 
should be 306 days instead of 437. The discrepancy 
between the two numbers has been ingeniously used as a 
test of the extent to which the earth is capable of yielding 
—like an elastic solid—to the various forces which tend to 

strain it, . 

286. All the great problems of gravitational astronomy 
have been ledtscusscd since Laplace's lime, and further 
steps taken towards their solution. 

Laplace's treatment of the lunar theory was firat developed 
by Mant CAar/ct TAeodort I>amoiseott (176&-1S46), whose 
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Tables de ht Lum {iS24 and tSiS) were fof some time in 
gcnuni] use. 

Some specm( problems of both lunar and pJanctaiy theory 
were dealt w ith by Bems T&iwit {1781-1340), who 

is, howevt^H better knowm as a writer on other hninches of 
mathematical physics than as an astronomer, A very 
elaborate and detailed theory of the mootij investicaied by 
the general methods of Laplaoc, was published by Giava/fiu 
Afi/a/ua Amadea Flam (IJS1-1S651) in but nnac- 

compamed hy tables. A general treatment of both lunar 
and planetary theories, the most complete tha t had appeared 
up ic> Lhai dmCj by (Pusfinv 

(1795-1S74X appeared m 1846^ with the title TAhrie 
Aftaljifi^u^ du Sysi^ttte du Afaude ; and an incomplete 
lunar thr^ry similar to his was published by fob ft miliarn 
LuUocb {1S03-13&5) in 18,30-34. 

A great advance in lunar theory was made by Peter 
(^795-1874) of Gotha, who published in 
iS33and 1862-64 the treatises commonly known respectively 
as the PnHdeimenta * and the DarlepemgA and produced 
T tables of the moon^s motion of such accuracy that 
the discrepancies between the tables and observations in 
centiiiy $750-1850 were never greater than 1" or a" 
Ibese tablK were at once itsed for the calculation of the 
Alfifanac and other periodicals of the same kind, 
and with some raodifications hove remained in use un to 
the present day. ^ 

great mathematical 

interest and of equal complcxity^was published by Cbarks 
(j8i^j 373) in i860 and 1S67. Unfortunately 
the author died before he was able to work out the 
corresponding tables. 

»>«“>>»;. of Washinglon (§ .Sj) hju tendered 
talo-ible secvico* to lumr theoiy-as to other hranches of 

tions, the best known being his comparison of Han^n's tables 
with observation and consequent corrections of the tables. 

Or*V« 


♦ Lynar Theory 

New methods of defiling with lumar rbeoiy were devised 
by the laiq Professor /ohn Couch Adams of Gimbridee 
(iSig-iSgj), and similar methods have been devcioped by 
Dr fi' ifiU of W:whlngton; 50 far they have not been 
worked out in detail in such a way as to be available for 
the Calculation of tables, and their interest seems to be 
at present mathematical mther than practical; but the 
necessary detailed work is now in progress* and those and 
ahied methods may be expected to lead to a considerable 
ditninution of the present excessive Intncacv of lunar 
theoi^-H 

aSj* One special point in knar theory' may be worth 
mentioning. The secular acceleration of the moon^s mean 
motion which had perplex«i astronomers since Its first 
discove^' by Halley (chapter x., § aor) had, as we have 
Seen (chapter xi., ^ ^ 40 ')j received an explanation in 1787 
at the hands of Laplace. Adams* on going through the 
calculation, found that some quantities omitted by place 
as unimportant had in reality a very sensible effect on the 
rejnilr* so that a certain quantity expressing the fate of 
increase ^of the moon’s motion came out to be between 
s' and 6", instead of being about lo"', as Laplace had found 
and as obsenration required, 'fhe correction was disputed 
at first by several of the leading experts* but was confirmed 
independently by £>elaunay and is now accepted. The 
inoon appears in consequence to have a certain very minute 
increase in speed for which the theory of gravitation affords 
no explanation- An Ingenious though by no means certain 
explanation was suggested by Delaunay in iSdc* It had 
been noticed by Kant that tidal fitiotion—that is, the friction 
set up between the solid earth and the ocean as the result 
of the iidai motion of the latter^would have the effect of 
r^eckmg to some extent the rotation of the earth; but as 
the cflcct seemed to be excessively minute and incapable 
of prt^se calculation It was generally ignored. An attempt 
amount was, however, made in 185a by 
iVimam derrel, who also pointed out that* as the period 
of the earth s rotation—the day—is our fundamental unit 
0 liniiC, a. rcdiictioi) of th-e of roULlion involves 

me lengthening of our unit of time, and comequcntly 
duces an apparent increase of speed in all other motions 
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measured in terms (?f this urtii^ Delaunay, ^trorking inde- 
pcnrlentljfj arrived al like conctusiona, and shewed that tidal 
frittion might thus be capable of producing just such an 
alteration in, the moon^s motion as had to be explained^ if 
this explanation were accepted the observed motion of the 
moon would give a measure of the effect of tidal friction. 
The minuicnoss of the quantities involved is shewn by 
the fact that an alteration in the earth's rotation equivalent 
to the lengthening of the day by second in 10,000 years 
is sufficient to explain the acceleration in question. More¬ 
over it is by no means certain that the usual estimate of 
the amount of this acceleration—based os it is in part on 
ancient eclipse observations—is correct, and even then a 
pari of it may conceivably he due to some indirect effect 
of gravitation even nioie obscure than lliat detected by 
Laplace, or to some other cause hitherto unsuspected. 

2SS. Most of the wTiters on lunar theoty already men¬ 
tioned have also made contributions to variou-‘t parts of 
planciojy theory, but some of the most important advances 
in planetary theory ntade since the death of Ldplace have 
been due to the French mathematician Urbain /ean Jostph 
Zmrn'er (i&i 1-1877), whose methods of detennining the 
distance of the sun hove been already referred to (§ iSi), 
His first important asironomtcal paper (1839) was a dis¬ 
cussion of the stability (chapter xi., 5 245) of the system 
formed by the sun and the three largest and most distant 
planets then known, J upitcr, Saturn, and Uranus. Subse¬ 
quently he worked out afresh the theory of the motion of 
ffic sun and of each of the principal planets, and construcied 
tables of them, which at once superseded earlier ones, and 
are now used as the basis of the chief planetary calculations 
in the JVa$ttteal Ahmittat and most other astronomical 
almanacs. Lcreirier failed to obtain a satisfactory agree^ 
ment between observation and theory iit the case of 
Mercury, a planet which has always given great trouble to 
astronomers^ and was inclined to explain the discrepancies 
os due to the influence cither of a planet revolving between 
Mercury and the sun or of a number of smaller bodies 
analogous to the minor planets ($ 394X ~ 

Researches of a more abstract ch^cter, connecting 
planetary theory with aome of the most recent advances 
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in pur« mathcitiatics, have been earned out by //wjri) Gyldkn 
(1841-1S96), while one of the Fnoat enainent pure niathie- 
maticians of the day^ M. H^nwi P^iiUQ.rh of Paris, has 
recently turned his attention to astronomy^ and is engaged 
in invesliBatfcins which^ though they liave at present bill 
little bearing on practical astronomy^ seem likely to throw 
important light on some of the generaJ; problems of celestial 
mechanics. 

adg. One memorable triumph of gravitational astronomy, 
the discover^' of Neptune^ has been described so often and 
so fully elsewhere * that a very brief account will sjufficc 
here. Soon after the discovery of Uranns (cliapter xn., 
f ±53) it was found that the planet had evidently been 
observed, though not recognised a planet^ as early as 
1690^ and on several occasions afterwards. 

When the first attempts were made to compute Its orbit 
carefully, it was found impossible satisfactorily to reconcile 
the earlier with the later observations^ and in Bouvard's 
tables (chapter xi., $347, note) published in 183 it the 
earlier observations were rejected. But even this draatie 
measure did not cure the e^; discrepancies between the 
observ'ed and calculated places soon appeared and increased 
year by year. Several explanations were proposed, and 
more than one astronomer threw out the suggestion that 
the irrcgtiladties^ might be due to the attraction of a hitherto 
Unknown planet 'fhe first serious attempt to deduce from 
the iitcgulariiics in the motion of Uranus the position of 
this hypothetical body was made by Adams immediately 
after taking his degree ([£43). By Octoljcr 1845 he had 
succeeded in constructing an orbit for the new planet, and 
in assigning for it a position difiering (as we now know) by 
less than s® (four times the diameter of the full moon) from 
its actual position. No tclesco|»c search for it was, how’ 
ever, undertaken. Meanwhile. Leverrier had independently 
taken up the inquiry, and by August jtst, 1846, he, like 
Adams, had succeeded in determining the orbit and the 
position of the disturbing body. On the ajrd of the follow- 

' £ 1 ^. in Grxnt'v llwivry vf Phyfiftd Atirvmamj/^ HcrKhcri Owl- 
lima t/ Attrvw^f Mix* Clfsrkc'x HiHary Aatr^vvmj ix AW 
fliHttrttUk CtHfuty, and the memoir by Or. Glxulicr prefixed lo the 
fint volume of Adxms"* Co/JiUnf FaptTa. 
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mfi month Dr. Galle of the Berlm O^rvatory ^^eived 
from Leverrier a request to iiearch for it, and on the same 
evening found close lo the position given by Levcmer a 
straiiKe body shewing a sntall planetary disc, which was 
soon recognised as a new plane^ known now as Neptune. 

It may be worth while noticing that the error^ in the 
motion of Uranus which led to this renaarkabte discovery 
never exceeded 2'. a quantity imperceptible to the ordinary 
eyej. so that if two stars were side by side in the sky one 
in the true position of Uranus and one in the calculated 
position as given by Bouvard^s tables, an observer of 
Ordinary eyesight would see one star only. 

3oo. The lunar tables of Hansen and Professor Newcomb, 
and the planetary and solar tables of Leverrier, Pro¬ 
fessor Newcomb, and Dr. Hillj represent the motions of 
the b^ies dealt with much more accuiately than the corre¬ 
sponding tables Ijctsed on ijptace’s work, just as these were 
in turn much mote accurate than those of E-uler, Clairaut, 
and Halley. But the agreement between theory and obser¬ 
vation is by no means pcrfecl, and the discrepancies are in 
many cases greater than can be explained as being due to 
the necessary impetfectiona in our ohservalions. 

The two most striking cases are perhaps those of Mercury 
and the moon. LeverriePs explanation of the irregularities 
of the former (§ aSfi) has never been fully justified or 
Bcncfally accepted ; and the position of the moon as given 
in the jViiit/ieal Ai/nnKiif and in similar publications is 
calculated hy means of certain corrections to Hansons 
ta^« which were deduced by Professor Newcomb from 
observation and have no justification in the theeny of 
gravitation. 

291. The calculation of the paths of comets has be¬ 
come of some importance during this century owing to 
the discovery of a number of comets revolving round the 
sun in compamtively short periods. Halley's comet 
(chapter XI., § i^i) reappeared duly in 1835, passing through 
its perihelion within a few days of the times predicted by 
three independent calculator. ^ and it may be confidently 
expected again about 1910, Four other comets are now 
known which, like f la Hoy's, revolve in elongated elliptic 
orbits, completing a revolution in between jo and So years f 


ft 


Or^ih C&mets 


373 


two of these have l>cen seen at two returns^ that known 
0 ]bers*s comet in 1815 and and the Pons-Brooka 

comet in iSi 2 and j 884. Fourteen other comets with periods 
varying between years (Enckc^s) and 14 years (Tuttle's), 
have been seen at more than one return \ about a doren 
more have periods estimated at less than a century \ and 
20 or in others move in orbits that arc decidedly elliptic, 
though their periods are longer and consequently not known 



with much certainty. Altogether the paths of about 330 
Or 240 Comets have been computed, though many are 
highly uncertairL 

292. tn the theory of the tides the first important advance 
made after the publication of the M^camqut Ckltsit was 
the collection of actual tidal observations on a large scalCj 
their interpretattonf and their comparison with the results 
of theory. The pioneers in this direction were Lubbock 
(§ who presented a scries of papers on the subject 
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10 the Royal Sociciy in iSjEj'J7h and U'Wiom 
(i794-i36C)j whose ^pcrs on the subject appeared between 
18.13 '® 5 ^- (§ Astronomer Royal, 

also published in 1845 an imiwrLnnt treatise denting with 
the whole subject, and discussing in detail the theory of 
tides in bodies of water of limited extent and special fonn* 
The analysis of tidal obsemtions, a huge number of which 
taken from all parts of the world are now^ available, has 
subsequently been carried much further by new' methods 
due to Lord and Professor f?. H Hartvin. A 

large quantity of informatton is thus available as to the 
way in which tides actually vary in dilTcrerit places and 
according to different positions of the sun and moon. 

Of late years a gocxl deal of attention has been paid to 
the effect of die atimctton of the sun and moon in producing 
alterations—analogous to oceanic tides—in the earth itself- 
No body is perfectly rigid, and the forces in question must 
therefore pr^ucc some tidal E;irect The problem was first 
investigated by Lord Kelvin in 1S63, subsequently by 
Professor Darwin and others. Although dehnite numerical 
results are hardly attainable as yet^ the work so far carried 
out points to the comparative smallness of these bodily 
tides and the consequent g^t rigidity of the earth, a result 
of interest in connection with gedlogtcn.] inquiries into the 
nature of the interior of the earth. 

Some speculations connected with tidal friction arc 
referred to elsewhere ($ jao). 

293. The series of propositions as to the stability of 
the solar system cstabhshed by Lagrange and Lapkee 
(chapter jtn, §4 ^44, 245), regarded as abstract prepositions 
mathematically deducible from certain definite assumptions, 
have been conhrmtd and extended by later mathctnaticianfi 
such aa Poisson and Leverrier; but their claim to girie 
information os to the condition of the actual solar system 
at an indcflnitcfy distant future lime reoeives much less 
assent now than formerly. The general trend of scientific 
thought has been towards the hillcr reccgnition of the 
merely approximate and proljable character of even the best 
ascertained portions of our knowledge; “exact,*^ "al way’s," 
and "certain" are words which arc disappearing from the 
scientihe vocabulary,, excqjt as convenient abbreviations, 
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Propositions wbkK profess to be—are coromoniy fnlcr- 
preted as being—exact” and valid throughout all futur'C 
time are consequcnlly regarded with considerable: distrust, 
unless they are clearly mere sbstiactions. 

In the case of the particular propositions in rjucstion the 
progress of astronomy and physics has thrown a good deal 
of emphasis on some of the points in which the assumptions 
required by Lagrange and Laplace are not satished by the 
actual solar system. 

It was assumed for the purposes of the stability theorems 
that the bodies of the solar system are perfectly rigid; in 
other words, the motions relative to one another of the parts 
of any one body were ignored. Both the ordinary tides of 
the ocean and the bodily tides to which mcdem research 
has called attention were therefore left out of account 
Tidal friaionT though at present very minute in amount 
(§ aSy), diifcTS essentially Irom the ^rturliations which 
form the main subject-matter of gravitational astronomy, 
inasmuch os its action is irreversible. The stability theorems 
shewed in clTect that the ordinary perturbations produced 
qfiTects which sooner Or later compensated one another, so 
that if a pardcijlar motion was accelerated at one time it 
would be retarded at another; but this is not the case with 
tidal friction. Tidal action between the earth and the 
moon^ faro^mple, gradually lengthen.5 both the day and the 
month, and increases the distance between the earth and 
the moon. Solar tidal action has a similar though smaller 
eifect on the sun and earth. The effect in each case—as 
far as we can measure it at all—seems to be minute almost 
beyond imagination, but there is no compensating action 
tending at any time to reverse the process. And on the 
whole the energy of the bodies concerned is thereby lessened. 
Again, modern theories of light and electricity require space 
to be tilled with an '^ eihcf ” capable of transmitting ceitain 
waves j and although there is no direct evidence that it in 
any way atfects the motions of earth or planets, it is difUcult 
to imagirre a medium so different from all known forms of 
ordinary matter us to offer jjie roslstafice to a body moving 
through it. Such resistance would have the effect of slowly 
bringing the members of the solar system nearer to the sun, 
and gt^ually diminishing their times of revolution round 
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ii. This is Oj^in an irreveisihlc tendency for which we 
know of no co^iipcnsatton. 

In facti from the point of view which Lagrange and 
l^place occLiENed^ the solar sj^stein appeared like a clock 
wliich^ though not going quite regularly^ but Oocasionally 
gaining and occasionally losing, nevertheless required no 
winding up^ whereas modern research emphasises the 
ait.'ilogy to a clock which after all is running down, though 
at an excessively slow rate. Modem study of the sun's 
heat 319) also indicates an irreversible tendency towards 
the running down " of the solar aj'stem in another way. 

394. Our account of modern descriptive astrononiiy may 
conveniently begin wath planetary discoveries. 

The hrst day of the 19th century was marked by the 
discovery of a new planet, known a.s Ceres. It was jtecn 
by GiNse/>H ^’csssi (1746-^836) as a strange star in a 
region of the sky which he was engaged in mapping, and 
soon recognised by its motion as a planuL Its orliit— 
first calculated by Gauss (§ 276)—shewed it to belong 
to the space between Mint and Jupiter, which had been 
noted since the time of Kepler as abnormally large. That 
a planet should be found in this region was therefore 
no great surprise; but [he discovery by HtinricH Oibrrs 
(1758-1340), scarcely a year later (March 1802), of a second 
Ixjdy (Pa/las), revolving ,%t nearly the same distance from 
the Sun, was wholly unexpected, and revealed an entirely 
new planetary arrangement. It was an obvious cod- 
Jecture that if there was room for two planets there was 
footn for more, and two fresh discoveries {/ano in 1804, 
^csta in 1807) soon followed. 

'fhe new bodies were very nmeh smaller than any of 
the other planets, and, so far from readily shewing a 
planeOiry disc like their neighbours M,ir5 and Jupiter, 
were barely distinguishable in ap|]Car^nce from fined stars, 
except in the most powerful telescopes of the time 3 hence 
the name aateroid (suggeiied by ViVjlliam Hcrschel) or 
misor plaaet has l>een generally employed to distinguish 
them, from the other planets, Hcrschel attempted to 
measure their sue, and estimated rhe diameter of the largest 
at under joo mites (that of Mercury, the smallest of the 
ordinary pbnets, being 3000), but the problem was in reality 
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too difficult even for hi* unriviillefl powers of obsGrvntton. 
The minor planets were also found to be reinarkablu for 
the great incltnalton and eoccntricEt}^ of some of the orbits ; 
the {Uth of Pallas, for example;, makes an angle of ^5^ with 
the ecliptic^ and its eccentricity' is so that its least dis¬ 
tance from the sun is not much more than half its greatest 
distance. These characteristics suggested to OIbcrs that 
the minor planets were in reality frag-ments of a pnmevaE 
planet of moderate dimensions which had been blown 
to pieces, and the theory, which fitted most of the facts 
then known, was received with great favour in an 
when "catastrophes” were still in fiishion as sdentific 
explanations. 

The four minor planets named were for nearly 40 years 
the only ones known; then a fifth was discovered in 
1S45 by A’in'/ Ludwig [1793-1866) after 15 years 

of Search, Two more were found in 1847, another in 
1848, and the number has gone on steadily increasing 
ever since. 'I'hc process of discovery has been very much 
facilitated by improvements in star maps, and latterly by 
the introduction of photography. In this lost method, 
hr$t used by L>r. A(ax IVoif of Heidelberg in [S91, a 
photographic plate is exposed for some hours; any plnnet 
present in the region of the sky photographed, having 
moved sensibly relatively to the slits in this period, is thus 
detected by the trail which its image leaves on the pUtc. 
The annexed hgure shews (near the centre) the trail of the 
minor planet SvtiXy discovered by Dr. Wolf on March 

at St, 1892. 

At the end of 1897 no less than 433 minor planets were 
known, of which 92 had been discovered uy a single 
observer, M. Charlmt of Nice, and only nine less ny 
Professor Patisa of Vienna, 

The paths of the minor planets piactically occupy the 
whole region between the paths of Mans and Jupiter, 
though few are near the baundancs; no Orbit i* tnore 
inclined to the ecliptic than that of Fallas, and the 
eccentricities range from almost r4.'ro up to about j, 

]''ig. &9 shews the orbits of the first two minor planets 
discovered, as well as of No. 313 (JS/wcflr), which comes 
nearest to the sun^ and of No. 361 (not yet named), 
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which goes farthest from it. Alt the orbits are described 
in the standard, or west to east, direction. The most 
interesting characteristic in the distribution of the minor 
planets, first noted in 1866 by Danitl (i8i5-iS95)^ 

is the existence of comparatively clear spaces in the regions 
where the disturbing action of Jupiter would by L4igrange's 
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pnnaple (chapter xi., § 343) be most effective : for instance, 
at a distance frotn the sun about five-eighths that of J iipiler, 
a planet would by Kepler^s bw revolve exactly fifftef as fast 
as Jupiter; and accardingly there is a gap among the minor 
planets at about this distance. 

Estimates of the sizes and masses of the minor planets 
are still very unoeitairL The first direct measurements 
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of Any of the discs which seem reliable are those of 
Professor E, Barnard^ made at the Lick Obsen'atory 
in 1 3 ^ and 18^5; according to these the three largest 
minor planets, Ceres, Pallas^ and Vesta, have diamctcTs 
of nearly 500 miles, about 30a and about 250 miles 
respectively. Their sizes compared with the moon iire 
shewn on the diagram (hg. go). An alternative method— 
the only one available except for A few of the very laigcst 



Fio, 90.—Comiurmtivc aixea of three mltWir planets and the moan. 

of the minor planets—is to measure the amount of light re¬ 
ceived, and h^ce to deduce the size, on the assumption that 
the redective power is the same as that of some known planet. 
This method gives diameters of about 300 miks for the 
brightest and of about a dozen miles for the faintest known. 

Leverrier calculated from the perturbations of Mars that 
the total mass of all known or unknown bodies between 
Mars and Jupiter could not exceed a fourth that of the earth ; 
but such knowledge of the sizes as we can derive from 
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light-observations seems to indicate that the total mass of 
those at present known is many hundred times less than 
this limit 

395. Neptune and the minor planets are the only planets 
which ha\’e been discovered during this century^ but several 
satellites have been added to our system. 

Barely a fortnight after the discovery of Neptune (1846) 
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a sateilitc was detected by Lasseil (ij'99-tS3o) 

at LiverpooL Like the satellites of Uranus, this revolves 
round its primary from east to west—'that is, in the direction 
contrary to that of all the other known motions of the solar 
system (certain long-period comets not being counted). 

Two years later (September 16th, i343) mUiarn CrtirnA 
Bond (1739-1359) discovered, at the Harvard College 
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Ohservaioryi an eighth sjateltite of Saturn^ calk'd 
which was delected independently by I^ssell two days 
afterwards. In the following year Hond discovered that 
Saturn was accompanied by a third comparatively dark ring 
—^now commonly known as the orftpe —lying imme^ 
diately inside the bright rings (see f!g. ^5)^ and the 
discovery' was made independently a fortnight later by 
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IViiliam Rutttr f^awet (17^9-1 165 ) in England., Lossell 
discovered in iSji two new satellites of Uranus^ making 
a total of fqnr Ixianging to that planetH The nest dis* 
coveries were those of two satellites of Mars, known as 
and Phoboi, by Professor Asaph Hail of Washington 
On August iith and 17th, 1877* These arc remarkable 
chiefly for their close proximity to Mars and their extremely 
rapid motion, the nearer one revolving more rapidly than 
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Mars rotutcst so that to the Martians it must rise in the 
west and set in (he cast. lastly, Jupiter's system received 
an addition after n^rly three centuries by Professor Ramaid's 
discovery at the Lick Otrservatory (September 5th, 1S92) of 
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an extremely faint fifth satdifte. a good deal nearer to Jupiter 
than the nearest of Galilei’s satellites (chapter vl, S /ad. 

haTC\^'w“t^^ of the various planets and satellites 

titmosi care by an army of 
obseiye^ t^t the observntiona have to a large extent 
remained Without satisfcctDry interpretation, and little is 
structure or physical condition of the bodies 

Astronomers are naturally most familiar with the surface 
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uf Dur nearest neighbour^ the moon. T‘he visible halt has 
been elaborately mapped, and the heights of the chief 
mountain ranges [nea3ured by means of theif shadows. 
Modem knowledge has done much to dispel the view^ held 
by the eailfer telescopisis and shared to some extent even 
by Hcrschel, that the moon closely resembles the earth and 
is suitable for inhabitants like ourselves. The dark spaces 
which were once taken to be seas and still bear that name 
ore evidently covered with dry rock; and the craters with 
which the moon « co^-ered ate all—with one or two doubt¬ 
ful exceptions—extinct \ the long dark lines known as 
lills and roimcrly taken for rivef'beds have clearly no 
water in them. The question of a lunar atiuosphere is 
more difficult: if there Is air its density must be very small, 
some hundredfold less than that of our atmosphere at the 
surface of the earth \ but with this restriction there seems 
to be no bar to the existence of a lunar atmosphere of 
oonsidcrablc extent, and it is difficult to explain certain 
observations without assuming the existence of some atmo¬ 
sphere. 

2^7- Mars, being the nearest of the superior planets, is 
the most favourably situated for observation. The chief 
markings on its surface—provisionally interpreted as being 
land and water—are fairly permanent and therefore 
recognisable; several tolerably consistent maps of the 
sutfacc have been constructed; and by observation of 
certain striking features the rotation period has been 
determined to a fraction of a second.. Signor SiMopan/^t 
of Milan detected at the opposition of tSjy a number of 
intersecting dark lines gcneiralty known os and as 

the result of observations nrade during the opposition of 
rSSi-Sa announced that certain of them appeared doubled, 
two nearly parallel lines being then seen instead of one. 
These remarkable observations hare been to a great extent 
Confirmed by other observers, but remain unexplained. 

The visible surfaces of jupiter and Saturn appear to be 
Layers of clouds; the low density of each planet (I'j. and 
'7 respectively, that of water being i and of the earth 5^5), 
the rapid ch^ges on the surfiice, and other facts indicate 
that these planets are to a great extent in a fluid condition, 
arid have a high temperature at a very moderate distance 
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belon- the visible surface. The surface markines Jtre in each 
definite enough for the rotation periods to bo fiscd i/vith 
some accuracy j though it i-S clear in the case of Jupiter^, 
and probably also in that of Saturn, that—as with the sun 
398)“—difletent parts of tht surface move at dilTerunt rates. 
Ijiplace had shewn that Saturn's ring (or rings) could not 
bo, as it appeared, a uniform solid body j he rashly inferred 
—without any Complete inveaiigation—that it might be 
an irregularly weighted solid body. The first important 
advance was made by Ja/tifS C/arA (1831-1879), 

best known as a writer on electricity and other branches 
of physics. MaxwelE shewed (18571 that tht rin^ could 
neither be continuous solid bodies nor liquid, but that 
all the imjxsrtant dj^mical conditions would satisfied 
if they were made up of a very large number of small 
solid bodies revolving independently round the sun.* The 
theory thus suggested on mathematical grounds has re¬ 
ceived a good deal of support from telescopic e'i'idencc. 
The rings thus bear to Saturn a relation having some 
analogy to that which the minor planets bear to the sun; 
and Kirkwood pointed out in 1S67 that Cassini's division 
between thu two main rings can be explained by the 
perturbations due to certain of the .cpitellites. just as the 
corresponding gaps in the minor planets can be explained 
by the action of Jupiter (§ 394)* 

'live great distance of Uranus and Neptune naturally 
ntakes the study of them difficult, and next to nothing is 
known of the appearance or constitution of either; their 
rotation periods are wholly uncertain. 

Mercury and Venus, being inferior planets, are never very 
far from the sun in the sky, and therefore also es tremely 
difficult to observe satlsfactority* Various bright arid dark 
ntarkings on their aurfacos have been recorded, but dilTerenl 
observers give very different accounoi of them. The rotation 
periods arc also very uncertain, though a good many astrono' 
iners support the view put fonvard by Sig. Schiaparelli, in 
1882 and 1890 for Mercury and Venus respectively, that 
each rotates in a time equal to its period of revoltuion round 
the sun, and thus always turns the same face towards the 
sun. Such a motion—-which is analogous to that of the 
* Tliii Kact b«n suggeatcU 14 • possibility by Kvcml tarlicr wrilir*. 
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moon round ihc t;rrth and of J-ipeius round Saturn 
^(chapter xtt,^ § 367)—coultl be easily explained as the 
result of tidal action at some past time when the planets 
were to a grejut extent fluid 

Telescopic study of the surface of the sun during 
the century has resulted in an immense accumuiation of 
detailed knowledge of peculiarities of the various markings 
on the surface^ The most interesting results of a general 
nature ate connected with the distribution and periodicity 
of sun-spots. The eariicst tclescopists had r^otic^ that the 
number of spots visible on the sun varied frotn lime to timej 
but no law of v-ariation was established till 1851, when fftin- 
rich A'A«/iirJ!vof Dessau(1789-1875) published m Hurnboldt's 
Cosmos the results of obsetx'ations of sun-spots carried out 
during the preceding quarter of a centuryH shewing that the 
number of spots visible increased and decreased in a 
tolerably regular way in a period of about ten years. 

Earlier records and later observations have confirmed 
the geneiaL result^ the period being now estimated as 
slightly over n years on the average^ though subject to 
considerable fluctuations. A year later ([8ca) three inde¬ 
pendent investigators. Sir Edward Sabifre (1738—1883) in 
Englandi Rttdoif Woi/ (i8iii-tS93) and Aifnd Gautier 
(1793-1881) in Switzerland, called attention to the reraarlt^ 
able similarity between the periodic variations of sun-spots 
and, of various magnetic disturhancea on the earth. Not 
only is the period the samCi but it almost invariably happens 
that when spots are most numerous on the sun magnetic 
disturbances arc most noticeable on the earth, and that 
similarly the times of scarcity of the two sets of phenomena 
coincide. This wholly unexpected and hitherto quite un¬ 
explained rclationshtp has been confirmed by the occurrence 
on several occasions of decided magnetic disturbances 
simultaneously with rapid changes on the surface of the sun. 

A long series of ob«rvat4ons of the position of spots on 
the sun undertaken by Rifhxsrd Chris/aJ^cr Carriit^aft 
(1326-1875) led to the first clear recognition of the differ¬ 
ence in the rate of rotation of the different ports of the 
surface of the sun, the period of rotation being fixed (1859) 
at about ss days at the equator, and two and a half days 
longer half-way between the equator and the poles; while 
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in additiori spots were seen to have also independent 
" proper rnotions."' Carrington also established [1S5#) the 
scarcity of spots in the immediate neighbourhood of the 
equatorif and confirmed statistically their prevalence in 
the adjacent regionsj and their great scarcity niore than 
about 3s“ from the equator; and noticed further certain 
regular changes in the distribution of spots on the sun in 
the course of the 1 i-year cycle^ 

AVitson's theory' {chapter Jtii., §268) that spots are de¬ 
pressions was confimted by an extensive series of photographs 
taken at Kew in 1S58-72, shewing a large preponderance 
of cases of the perspective effect noticed by him; DUtr on 
the other hand, Mr. F Houfiett, who has watched the sun 
for some 35 years and made several thousand drawings of 
spots, considers (16^) that his observations are dKidedty 
against Wilson's theory. Other observers are divided in 
opinion- 

a99, Speotinzn analytti, which has played such an im¬ 
portant part in recent astronomical worlq is essentially a 
methckd of ascertaining the nature of a body by a pro«ss 
of sifting or analysing into different components the light 
received from it 

It was first clearly established by Newlont in i6fiS’-66 
{chapter ix., § ifi8)j that ordinary white liglil, such as sun- 
lights is composite, and that by passing a beam of sunlight 
—with proper precautions—through a glass prism it can be 
decomposed into light of difTcrent colours ; if the beam so 
decompos^ is received on a screen, it produces a band of 
coloitrs^ known as a Bpactmm, red being at one end and 
violet at the other, 

Now^ according to modem theories light consisL'i essen¬ 
tially of a series of disturbances or waves transmitt^ at 
extremely short but regular intervals from the luminous 
object to the eye, die medium through which the disturb¬ 
ances travel being called ether. The most important 
characteristic distinguishing different kinds of light is the 
interval of time or space between one wave and the next, 
which is generally expressed by means of wavo-lengtlL, or 
the distance between any point of one wave and Uie corre¬ 
sponding point of the nest. Differences in wave-length 
shew themselves most readily as differences of colour; so 
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that light of a particular colotir found at a particular part of 
the spectrum has a definite waTO-length, At the extrcTut 
violet end of the spectrum^ for example^ the wave-length 
is alxiut fifteen tniltionths of an inch^ at the red end it Ss 
about twice as great; from which it follows (§ 383), from 
the known velocity.of light, that when we look at the red end 
of a spectrum about 400 billion waves of light enter the eye 
per iecondj and twice that number when we look at the 
other end. Newton’s experiment thus shews that a prism 
sorts out light of a composite nature according to the \vave- 
tengd) of the different kinds of light present. The same 
thing can be done by substituting for the prism a so-called 
dtfiTOCticii^ratjjig, and this is for many purposes super¬ 
seding the pirkm. In, general it la necessarjv to ensure 
purity in the spectrum and to make it large enough, to 
admit light through a narrow slit, and to use certain lenses 
in combination with one or more prisms or a grating | and 
the arrangement la such that the spectrum is not thrown 
on to a screen, but cither viewed directly by the eye or 
photographed. The whole appomtus is known as a Bpectro- 
scope. 

The solar spectrum appeared to Newton as a continuous 
band of colours; but in fSoa Wiiiiam Hydt tVaUajft>/t 
(1766-1838) obaerv'ed certain dark lines running across the 
spectrum, which he took to be the boundaries of the natural 
colours. A few years later (1814-15) the great Munich 
optician Fraunhojtr (1787-1836) examined the sun's 

spectrum much more carefully, and discovered about 600 
such dark lines, the positions of 334 of which he mapped 
fig- 9 l)\ These dark lines are aocordfugly known as 
fiauimoier linai: for purpKises of identiification Fraunhofer 
attached certain letters of the alphabet to a few of the most 
conspicuous \ the rest are now generally known by the wave¬ 
length of the corresponding kind of light 

It was also gradually discovered that dark bands could 
be produced artificially in spectra by passing light through 
various coloured substances ; and thatj on the other hand, the 
spectra of certain flames were crossed by various irrtght lines. 

Several attempts were made co explain and to connect 
these variDus observations, but the first satisfactoi^' and 
tolerably complete explanation was given in 1859 by Gustav 
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Rehfrt KtHhko^ (1834-1887) of Heidelberg, who al first 
worked in cc^opeitition with thf chemist Bunsen. 

Kirchhojf shewed that a luminous solid or liquid^—or^ 
as we now know, a highly compressed gas—gives a con¬ 
tinuous spectfutn \ whereas a substance in. the gaseous 
state gives a spectrum cO'iisisting of bright lines {with or 
without a faint continuous spectrum), and these bright 
lines depend on the particular sulstance and are charac¬ 
teristic of it Consequently the presence of a particular 
substance in the form of gas in a hot body cm be inferred 
from the presence of its characteristic lines in the spectrum 
of the light The dark lines in the solar spectrum were 
explained by the fundamental principle—often known as 
KinchholTs law—that a body^s capacity for stopping or 
absorbing light of a particular wuvt^lcngth is pnoportionaJ 
to its power, under like conditions, of giving out the 
same lighL ]f, in particular, light from a luminous solid 
Or liquid body^ dving a continuous spectrum, passes through 
a gas^ the gas light of the same wave-length as tl^t 

which it itself gi^-es out: if the giaj; gives out more light 
of these p^iicular wave-lengths than it absorbs^ the 
spectrum U Cf0.^sed by the corresponding bright lines; 
but if it absorbs more than it gives out, then there is a 
deficiency of light of these wavc-kngihs and the corre¬ 
sponding parts of the specmim appear dark—that is, the 
spectrum js Crossed by dark lines in the same position as 
the bright lines in the spectrum of the gas afone. Whether 
the gas absorbs more or less than it gives out is essentially 
a question of temperature, so that if light from a iiot solid 
Or liquid passes through a gas at a higher tempeTatuie a 
spectrum crossed by bright lines is the result, whereas if 
the gM is cooler tmn the body behind it dark lines are 
seen in the spectrum. 

30c. The presence of the Fraunhofer lines in the 
spectrum of the sun shews that sunlight comes from a 
hot solid or liquid body (or from a highly compressed gas), 
and that it has passed throoigh cooler gases which have 
absorbed tight of the wave-lengths corresponding to the 
^k lines. These gases must be either round the sun or 
in our atmosphere j; and it is not dilficijlt to shew thatT 
although some of the Fraunhofer lines are due to our 
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almosphere, the majeriiEy caciciot be^, and are therefore 
o^used by giHcs in the atmosphere of the sutl 

For examplct the metal sodium when vaporised gives a 
spectrum characterised by twu nearly coincident bright 
lines in the yellow part of the spectrum j these agree in 
position with a fxiir of dark Itnes {known ^ D) lO the 
spectrum okT the sun (sec fig. 5j); KirchholT infertM there¬ 
fore that the otmosphen; of the sun contains sodium. By 
comparison of the dark lines in the spectrum of the sun 
with the bright lines in the spectra of metals and other stib- 
stanceSi their presence or absence in the solar atmosphere 
can accordingly be ascertained. In the case of iron—which 
has an extremely complicated spectrurn—KirchholT suc¬ 
ceeded in identifying bo lines (since increased to more 
than a„ooo) in its spectrum with dark lines in the spectrum 
of the sun. Some half-doren other known dements were 
also identified by KirchholT in the sun. 

The inquiry into solar chemistry thus started has since 
been prosecuted with great 3ceal. Improved tnediods and 
increased eore have led to the construction of a series of 
mapeof the solar spectrum, beginning with KirchholFa own, 
published in 1S61-62, of constantly increasing complexity 
and aocuracy. Knowledge of the spectra of the metals has 
also been greatly extended. At the present time between 
30 and 40 elements have been identified in the sun, ^e 
most interesting besides those already mentioned being 
hydrogen, calcium, magnesium, and carbon. 

The first spectroscopic work on the sun dealt only with 
the light received front the sun as a whole, but it was soon 
seen that by throwing an image of the sun on to the slit 
of the spectrosdOiK by means of a telescope the apectrum 
of a particular part of the sun's surface, such as a spot or 
a facula, could be obtained t and an immense number of 
obaervationa of this character have been made. 

301. Observations of total eclipses of the sun have shewn 
that the bright sudhee of the sun as we ordiimrily sec it 
is not the whole, but that outside this there is an envelope 
of some kind too faint to be seen ordinarily but becoming 
visible when the intense light of the sun itself is cut on 
by the moon. A white halo of considerable extent rou^ 
the eclipsed sun, now called the coruuft, is referred to by 
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Plutaich,, and discussed by Kepler {chapter vii.j ^ 
Several i Sth century astronomera noticed a red streak along 
some ^rtion of the common edge of the sun and moon, 
nnd red spots or clouds heft and ibere (cf^ chapter § 205). 
But little serious attention «ras given to the subject till after 
the sol^u eclipse of i£4j. Observations made then 
and at the two folloiving eclipses of 1851 and tSSo, in the 
latter of which years photography was for the first time 
effectively employed, made it evident that the red streak 
represented a continuous envelojjc of some tind surroundiug 
the sun, to which the name of chionicqphere has been given, 
and that the red objects, generally known as prominences, 
wXTc in general projecting parts of the chromo«i^phere, though 
sonietinies detached from it. At the eclipee of 1365 the 
fipectrum of the prominences and the chromosphere was 
obtained, and found to Ijc one of bright lines, shewing that 
they consisted of gas. Immediately afterwards ht Janssen, 
who was one of the observers of the eclipse, and Sir 
k independently devised a method 

wherebjjt was p^iblc to get the spectrum of a prominence 
at the of the sun's disc in ordinary^ daylight, without 
an eclipse; and a modification introduced by 
Sir ,n the following year (eSfin) enabled 

trie lorm of a prominence to be obseired spectroscopically, 
Prafessor G. E. Hale of Chicago has 
a photcigraphiq process a repic- 
chromosphere and prominences, 
^ method gives also photographs of facttlae 
(copter viiL, f 153) on the visible iirfii^of the sun. 
ne most important lines ordinarity present in the 

ETh T hydrogen, two 

r 1 identified with some 

di^ulty ns belonging to calcium, and a yellow line the 

which, known as heUttin, has only 
^ndy {1S95) been drscovtred on the earth. But the 
chromo,^pherewhcn disturbed and many of the prominences 
give spectra containing a number of other lines. 

bme regarded as of the nature 
01 an optical illusion produced in the atmosphere. I hat it 

appendage of the sun 
t established m t 5 St> by the American astronomers 
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Professor [farkntsi and Professor C. A. Younp^ who dis- 
covered a bright tine— of unknow n origin *—in its s^'CiruTu^ 
thus shelving that it consists in pnirt of glowing gai 
Subsequeni spectroscopic work shews that its light is partly 
reflected sunlight, 

t he corona has been cartful ty studied at every solar 
eclipse during the last 30 years, both with the spectroscope 
and with the telescope, supplecnenicd by photography, and 
a number of ifigenious theories of its constitution have be^ 
propounded ; but our present knowledge of its nature hi^y 
goes beyond Professor Young^s description of u as an 
inconceivably attenuated cloud of gas, jog, and dust, s^ur- 
rounding the sun^, fomted and shaped by sotar toites, 

■10a. The spectroscope also gives information as to certain 
mobons taking place on the sun. It was poiriled out in 1^3 
by Chrisiian D^ppkr (tSo^-iSsj)- 

and xjartly erronEous way, that if a luminous b^y is 
approaching the obsener, or JvVr 

are as it were crowded together and reach the eye at shorter 
intervals ttian if the body were at rest, ami 
of the light is thereby changed. The colour and the position 
in the s^etrum both depend on die interval l^etwccn one 
wave and the next, so that if a body giving out light ol a 
particular wave-length, tg. the blue liglit 
die P line of hydrogen. Is approaching the observer rapid y, 
the line in the spectrum appears slightly on one side of 1^ 
usual position, Qii displaml [owjards 
the siSctnim ; whereas if the body is receding ^e line 
i,, En^e same way. displaced in the oppoaie duectiM, 
'i'his result is usually known as Doppler a pimcipl*. l^e 
effect produced can easily be expi^sed numencally, Ih 
for example, the body is approaching with a speed equal 
to that of light, then 1 do 1 waves enter the eye or the 
smSScopc in the same time in which there would other* 
^ only be 1000 ; and there is in consequence a virtual 
shortenine of the wavelength in the ratio of looi to 
lOQfl, So that if it is found that a line in the spfctruin 
of a body is displaced from its ordinary^ position m such 

• The drecowry cf i terTV*!™] ^ubsUnCe with ihia tine In Ui 
spcclrura hM hwn announced while thu boolt twS been paMing 
through, the pnU, 
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a way lhal its wcive-lcngih is apparently decrca,sed by 
part, it may be inferred ihat the body is approach- 
injf with the speed just namedi or about i fifi miles per 
second, and if the wave length appear increased by the 
same amount (the line bciny? displaoM towards the red end 
of the BpEeiTUGi) the Ijody is receding at the saute rate. 

Some of the earliest observations of the prominences by 
Sir T. N. Locityer and of spots and other features 

of the sun by the same and other observers, shewed dis¬ 
placements and distortions of the lines in the spectrum^ 
which were soon seen to be capable of interpretation by 
this methotb and pointed to the existence of violent dis¬ 
turbances in the atmosphere of the sun* velociues^w 
great as 300 miles per second being not unknown. The 
method has received an interesting confirmation from ol^r- 
vAons of the spectrum of opposite edges of the sun’s d<sCt 
of which one is approachirig and the other recoding owing 
to the rotation of the sun. Professor Duntr of Upsala has 
by this process ascertained (ifiSj—89) the rate of rotation 
of the surface of the sun beyond the regions where spoU 
exists and therefore outside the limits of obsermtions such 
as Carrington's (§ a^S). 

303. The spectroscope tells us that the atmosphere ol 
the sun contains iron and other metals in the form of 
vapour \ and the photosphere, which gives the continuous 
part of the solar spectruni, is certainly hotter. Moreover 
everything that we know of the way in which heat is com- 
niunicated from onu part of a body to another shews that 
the outer regions of the sun, from which heat and light are 
radiating on a very large scale, must be the coolest parts, 
and that the temperature in all probability rises very rapidly 
towards the interior. These bets, coupled with the low 
density of the sun (about a fourth that of the e:^h) and 
the violently disturb^ condition of the surface, indicate that 
the bulk of the interior of the sun is an intensely hot and 
highly compressed mass of gaa. Outside this come in order, 
their respective boundaries and mutual relations being, hoi^ 
ever, very uncertain, first thephotosphere, generally regarded 
as a cloud-layer, then the revanuig itrtttim which produces 
most of ihe Fraunhofer lines, then the chromosphere and 
prominences, and finally the corona. Sun-spotg, faculae^ and 
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proniincncfis have been explained in a varic^ of diffewnt 
ways aa joint results of soIpt disiurbancts of %'ajEous 
kinds; l)ut no detailed thcory thai has been given explains 
luitis^ctorily more than a fraction of the obseni'ed facts 
or commands more than a very limEted amount of assent 
among astronomical experts^ 

J04. More than 300 comets have been seen during the 
present century"; not only have the motions of most of thent 
been observed and their orbits computed (|gi 391), but in a laiTie 
number of coses the appearanoc and structure of the comet 
have been carefully observed telescopicallyv white latterly 
spectrum analysis and photography have also been employed. 

Independent lines of inquiry pmnt to the extremely un* 
substantial character of a comet, with the poMible exception 
of the bright central part or neeleui, which is nearly always 
present- More than once, as in 1767 ^chapter Jti*, § a4&)i “ 
comet has passed close to some member of the solar system^ 
and has never been ascertained to affect its motion. The 
mass of a coirvet is therefore very small, but its buUt or 
volumei. on the other hanch i* iri general very great, the tail 
often being millions of roilea in Icng^ ; so that the density 
must be extremely snaali Again, stars have often been ob¬ 
served shining through a comet's tail (as shewn in fig. 99), 
and even through the head at no g^t distance from the 
nucleus, theif brightness being only slightly, if at all, affected. 
Twice at least (1^19, i 36 r) the earth has passed through a 
comet's tail, but we were so little affected that the fact was 
only discovered by calculations made after the evenL The 
early observation (chapter ill., § 69) that a comet’s tail paints 
away from the sun has been abundantly verified ; and from 
this it follows that very rapid changes in the position of the 
tail must occur in some cases. For example, the comet of 
1S4J passed very' close to tlie sun at such a rate that in 
about two hours, it had passed from one side of the sun to 
the opposite ; it was then much too near the sun to be seen, 
but if it followed the ordinary law its tail, which was ^usually 
long, must have eutirtly reversed its direction within this 
short time. It is difficult to avoid the infererra that the 
tail U not a permanent port of the comet, but is a stream 
of matter driven off from it in sorne way by the action of 
the sun, and in this respect comparable with the smoke 
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ifismuE from a chimney. This view is confirmed by the 
fact that the lail is only developed when the comet 
approaches the sun* a comet when at a great distonce from 
the sun appearing tisually as an indistinct patch of nebulous 
lighi, with perhaps a brighter spot representing the nucleus. 
Again, if the lail be formed by an outpounng of matn^ from 
the comet, which only takes place when the comet is n^ 
the Sun, the more often a comet approaches the’ sun tire 
more must it waste away ; and we find accordingly 
short-period comets, which return to the neighbourhood of 
the sun at frequent intervals 291), are inconspicuoi^ 
bodies. The same theory is supported by the shape of the 
tail. In some cases it Is straight, but more ^mraonly it is 
curved to some extent, and the curvature is then always 
bazkiuardi in relation to the comet's motion. Now by 
ordinary dynamical principles matter shot off from the head 
□f the comet while it is revolving round the son would 
lend, as it were, to lag behind more and more the farth^ 
it reeded from the headj and an apparent backwaid 
curvature of the tail—less or greater according to the speed 
with which the particles forming the tail were repelled-^ 
would be the result Variations in curvature of the tails 
of different comets, and the existence of two or 
diflcrently curved tails of the same comet, are thus readily 
explained by supposing them made of difTercni material^ 
repcllEd from the comet's head at different speeds. 

The first application of the sp^troscopc to the study^ 
comets was made in 18^4 by (iSso— 

1873)1 best known as the discoverer of the magnifie^t 
comet of T353, A spectrum of three bright bands, wider 
than the ordinary lines,” was obiatned, but they were 
not then identified- Four years later Sir William Huggms 
obtained a similar spectrum, and identified it with ihat 
of a compound of carbon and hydrogen. Nearly every 
comet examined since then has shewn in its spectrum 
Ivight bands indicating the presence of the same or some 
other hydrocarbon, but in a few cases other substances 
have also been detected. A comet is therefore in pj^ 
at least self-luminous, and some of the light w^hich it 
us is that of a glowing gas^ It also shines to a con-stderable 
extent by reflected sunlight; there is nearly always a con- 
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tinuDus spectrum, and in P few cases—first in iS8i—the 
speetTum has been distinct enough [o shew the Fraunhofer 
lines enjssing it. But the continuous spcetnim seems oko 
to be due in part to solid or liquid matter in the eomet itself, 
which is hot enough to be selMuminous. 

305- The work of the last 30 or 40 years has established 
a remorltahle relation between comets and the minute bodies 
which are seen in the form of metedn or ihootmg: rtars. 
Only a few of the more imiyortnnt links in the chain of 
evidence cann however, be mentioned. Showers of shooting 
stars, the occurrence of which has been known from quite 
early dmest have been shewm to be due to the passage of 
the earth through a sw^aJml of bodies rinvolving in elliptic 
orbits round the sun. The paths of four such swarms 
were ascertained with some precision in 1866-^7, and found 
in each to agree closely with the paths of known 

comets. And since then a considerable number of other 
cases of resemblance or idcnliiy lietween the paths of 
meteor swarms and of ramets have been detected- One 
of the four comets just referred to, known as Bicla^, with 
a period of between six and seven years, was duly seen on 
several successive returns, but in iS45“4^ observed 
first to become somewhat distorted in Eha|]c, and afterwards 
to have divitled into two distinct comets ; at the next return 
(iSsa) the pair were agpiti seen ; but since then nothing 
has been seen of either portion- At the end of November in 
each year the earth almost crosses the path of this comet, and 
on two occasions (1872, atid 1885) it did so nearly at the time 
when the comet was due at the some spot; If, as seemed 
likely, the comet l-tad gone to pieces since its last appiamnee, 
there seemed a good chance of fall ing in with some of its 
remains, and this expoctatioa was fulfilled by the occurrence 
on both occasions of a meteor shower much more brilliant 
than that usually observed at the same date. 

Bieki's comet is not the only comet which has shewn 
signs of breaking up; Brooks's comet of i 83 g, which is 
probably identical with Lcxellk (chapter xi., 5 ^"as 

found to be accompamed by three smaller compamons > 
as this comet has more than once p^sed extremely close 
to Jupiter, a plausible explanation of its breaking up is at 
once given in the attractive force of the planet. Moreover 
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certain systems of comets, the members of which revolve 
in tbc same orbit biit sepamted by considerable inien-nb 
of lime, have also been discovered. Tebbatts cornel of 
1881 moves in practically the same path as one seen in 
1807 and the great comet of iSSo, the great comet of 1S81 
(shewn in fifc grj), and a third which app^ed tn 1887, 
all move in paths closely resembling that of the comet of 
1841, while that of 1&6S is more doubtfully connected 
with the name system. And it is difficult to avoid regarding 
the members of a system os fragments of an earlier co^t, 
which his passed through the stages in which wc hare 
actually seen the comets of Bicb and Brooks. 

Evidence of such different kinds points to an mtintate 
connection between comets and meteors, though it is 
perhaps still prernamre to state confidently that meteors 
aitt fragments of decayed comets, or that conversely comets 
arc swarms of meteors. 

30a, Each of the great problems of sidereal afitronomy 
which Herschel formulated and attempted to solve hiw 
been elaborately studied by the astrononiers of the igth 
century. The multiplication of observatories, improve¬ 
ments in telescopes, and the introduction of photography'-—to 
mention only three obvious factors of progress—^have added 
enormously to the extent and accuracy of out knowlc^e of 
the stars, while the invention of spectrum analysis has thrown 
an entirely new light on several important problems. 

William Kerschel's most direct succciaor was his sou 
John frtderick WiUiam (1791-1871^, who wm not only an 
astronomer, but also made contributions of importance to 
pure mathematics, to physics, to the nascent art of photo- 
graphyt and to the philosophy of scientific discovery. He 
began his astronomical career about 1S16 by re-mcasuring, 
first alone, then in conjunction with Jama Sett/A (lySS" 
rSdy), a number of his father's double star^ The first 
residt of this work was a catalogue, with detailed natswure- 
ments, of some hundred double and itiultiple stars (published 
in 1814}, which formed a valuable third term, of comparison 
with his father's observations of 1781-82 and iSoa-oj, and 
confirmed in several cases; the slow motions of revolution 
the beginnings of which had been observ^ before, A 
great survey of nebulae followedi resulting in a catalogue 
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(j 3J3) of about of which Rome 500 were new and 

aooo Were bis f:tther's^ a few being due to other obKTveri ; 
incidentally irorc than joog pairs of stars close enough 
together to he worth recording as double stars were observed- 
307» I'hen followed his welhk.nown cKpcdiTiorii to the 
Cape of Good Hope (1833-183S), w^hcre he swept” the 
Southern skies in very much the satne way in which his 
father had e:Kplon!d The re^ons visible in our latitude- 
Some laoo double and multiple stars, and a rather larger 
number of new nebulae^ were discovered and studied, while 
about 500 known nebul:^ were re^jbsen-ed; star-gauging On 
Wiltiam Herscbel's lines was also carried out on an intensive 
scale. A" number of special obser^'aiions of intencfil wtre 
made almost incidentally during this survey: the remarkable 
variable star rf Ar^ and the nebula surrounding it (a 
modem photograph of which is reproduced in hg. too), the 
wonderful collections of nebulae dusters and stars, known 
as the Jiiiheuhe or AfagA/iirTk C&jttds, and Halley's comet 
wem studied in turn j and the two faintest satcUiles of 
^tum then known {chapter xn., § 255) were seen again 
fur the first time since the death of tbeir discoverer. 

An important investigation of a somewhat different 
character—that of the amount of heat received from the 
sun—was also carried out {1837) during Herschers r^idence 
at the Cape j and the result agreed satisfactorily with that 
of an independent inquiry rruide at the same time in France 
by C/iJude Servau Mathias f 1791^1 SfiS). In trtth 

cases the heat received on a given area of the earth in a 
given time from direct sunshine was measured j and allow¬ 
ance being made for the heat stopped m the atmosphere 
as the sun”s rays passed through it, an estimate was formed 
of the total amount of heal received annually by the earth 
from the sun, mid hence of the total amount radiated by 
the in all directions, an insignificant fraedan of which 
(one part in i,(k>o,ooo,oco) is alone intercepted by the 
earth. But the allowance for the heat intercepted in our 
atmosphere w^as necessarily uncertain, and later work, in 
particular that of Dr. ^ F. Ijsngky in i 85 ch- 8 i. shews that 
It was very much under-estimated by both Herschel and 
PouilleL According to Herschel's results, the heat revived 
annually from the sun—including that intercepted in the 
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atmMphere—would be sufficient to uneli a shell of iee 
I lo fett thick covering the whole earth j according lo 
Ur. Langley, the thickness would be about i6o feet.* 

^o 8 . With his rettirci to England in 133S Herschel's 
career as. an observer came to an end ; hvii U%e w'orking out 
of the results of ht!( Cape observations, die arrangement 
and cataloguing of hU owm and his faiher^s discoveriesj 
pro^-ided occupation for many years. A magnificent volume 
on the jffrsii//s of Astronomkoi O^srroatio/ts made during ihr 
years at the of Good Hope ap^ieared in 1S47 ; 

and a catalogue of all known nebulae and clusters, amount- 
jog to Sk 079, presented to the Royal Society in 1864, 
white a correaponding catalogue of more than 10,000 double 
and multiple stars was never finisliedt though the materials 
collected for it were published posthumously in 1S79. J^^hn 
Henschet's great catalogue of nebube has since been revised 
and entaeged by Dr. Dreyer^ the result being a list of 7,840 
nebulae and clusters known up to the end of 1887; and 
a supplementary list of di.scoverieA made in 1888-94 
published by the same writer Contains ii$ 2 ^ entties, so that 
the total number now known 15 bctw'ccn 9,000 and 10,000, 
of which more than half have bven discovered by the tw^o 
HerschelsN 

309. Double i^tars liave been discovered and studied by 
a number of astronomers Itesides the Herschela. One of 
the most indefatigable workers at this subject was the elder 
Struve 0 379), who was successively director of the two 
Russian observatories of Dorpat and Putkowa. He 
observed altogether some 3,^40 double and multiple stars, 
measuring in each case with care the length and direction 
of the line joining the two components, and noting other 
peculiarities!, sttch as contrasts in colour between the 
members of a pair. He paid attenben only to double stars 
the two components of which were not more than 3a* apart, 
thus rejecting a good many which William Herschel wonld 
have noticed ^ as the number of known doubles rapidly 
increased, it was clearly necessary to concentrate attention 
on those which might with some reasonable degree of 

' in« 4 c on Mont QUuc under the dirwtioH of 

Jinaacfl in 1897 icidicHe 9 . aJighlly Enfgcr nuTiitHir Udn Dr. 

Lugky'v. 
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probability turn out to be genuine binaries (chapter xii.^, 

§ 364)' 

In addition to a number of minor papers Struve published 
three separate books on the subject in ifiay, 183,7, 

A cotuparison of his own earlier and later obacrvaliouBf and 
of both with Herschel's earlier ones, shewed about loo cases 
of change of relative positioriis of two tnembers of a pair,, 
which indicated more Or less clearly a motion of revolution, 
and further results of a like chanictcr hai-e been obtained 





Fia. wr.— Tht orbit of £ t/rnu; ahewing [ho rcIjiUve pwItiaoH of 
Ibe two compOlvenU at virioua tinm b«iwe«. 1781 uid 1S97, 
(The Dbscn**tiaM of und 180a wen: only to 

deKnoine the dtrertioR of the Une joining the l«m compomrotj, 
not ita length.) 
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from a comparison of Struve's obsenalions with those of 
later observers, 

William Herschel's observations of binary systems 
(ebapter xn.. § 364) only sufficed to shew that a motion of 
revolution of some kind appeared to be taking place; it 
was an obvious conjecture that the two members of a pair 

• CatikgMS iftwtn iUHsTHnf f/uptidum, SUlltirvitt rf»^AicTi»™r tl 
mtnmfiu tmtrmmtntitft ind SttHarttm imprtma 

jKpiMttw ft muJtijtiidumpiailtitntM fMtiftof finr tfiorJi* iSjft 
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attnctexl one another according lo the law of gravitation, 
so that the motion of revolution was to some extent 
analogoua to that of & planet round the sun i if this were 
the case^ then each star of a pair should describe an elLt[»e 
(or conceivably some other conic) round the other, or each 
round the common centre of gravityj in accordance with 
Kepler^s laws, and the appgirent path as seen on the sty 
should be of this nature but in general foreshortened by 
being projected on to the celestial sphere. The first aticm^ 
to shew that this was actually the case was made by Feiir 
.Sbt^rr7 (r 797-1841) in 1817, the star being ^ Ursar, which 
was found to be revolving in a period of about tio years. 

Many thousand double stars have been discovered by 
the Herschels, Struve, and a number of other observers, 
including several living astronomers, among whom PrO' 
fessor lif. Bumkam of Chicago, who has discovered 
some holds a leading place. Among these stars there 
are about 300 which we have fair reason to regard as 
binary^ but not more than 40 Or 50 of the orbits can be 
regarded as at all satislactoriiy known. One of the most 
satisfactory is that of Savary’s star ^ Ursoe^ which is shewn 
in fig. rat. Apart from the binaries discovered by the 
spectroscopic method (§ 314), which fortn to some extent 
a distinct class, the periods of revolution which have been 
computed range between about ten years and several 
Centuries, the longer periods being for the most part 
decidedly uncertain. 

310, William Herschcl^s telescopes repre^nted for some 
time the utmost that could be done in the construction of 
reflectors^ the first advance was made by ILord Rosst 
{i&oo-i8fi7), who—after a number of ItSfl successful ex¬ 
periments—finally constructed (1S45), at Parsomtown in 
Ireland, a reflecting telescoj)c nearly 60 feet in kngth, with 
a mirror which was six feet across, and had consequently a 

light-grasp more than double that of Herschers greatest 
telescope. Lord Rosse used the new instrument in the first 
instance to tt-examine a number of known nebulae, and in 
the course of the next few ycatt!^ discovered a variety of new 
features, notably the spiral form of certain nebulae (flg. loa), 
and the resolution into apparent star clusters of a number 
of nebulae which Kerschel had been unable to resolve 
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and had accordingly pul into “the shirung fluid ^ cbss 
(chapter sii., § 260). This last discovery', being exactly 
analogous to Hcischtrs experience when he first l^an to 
examine nebulae hitherto only observed with inferior tele¬ 
scopes, naturally led to a revival of the view that nebulae 
are indistinguishable from clusters of stars, though many 
of the arguments from probability urged by lierschel and 
others were in reality urmected by the new discoveries. 

311. 'The question of the status of nebulae in its simpleiit 
form may be said to have been settled by the first 
application of spectmin analysts. Ftaunhofer (§ a^g) had 
seen as early as 1S13 that stars had spectra characterised 
lite that of the snn by dark lines, and more complete 
investigations made soon after KirchhoTs discoveries by 
several astronomers, in particular by Sit William Huggins 
and by the eminent Jciuii astronotner An^a Stohi 
(1818-187®), confirmed this result as regards nearly all 

stars observed. j u c 

The first spectrum of a nebula was obtained by Sir 
William Huggins in 1864, and was seen to consist of thrw 
hrigkt lines; hy i 863 he had examined jo, and found m 
about one-third of the cases, including that of the Orion 
nebula, a similar spectrum of bright lincsr In these cases 
therefore the luminous part of the nebula U gaseous, and 
Herschel's suggestion of a “ shining fluid was confirmed 
in the most aatisfacioty way. In nearly all ca^ 
bright hnes are seen, one of which u a hydro^n Ime^ while 
the other two have not been tdentifiedj, and in the case of 
3 few of the brighter nebulae some o^er lines have also 
been seen. On the other hand, a considerable number of 
nebulae, including many of those which appear cap:^lc of 
telescopic resolution into star clusteis, give a continuous 
spectrum, so that there a no clear spectroscopic evidence 
trdistinguish them from clusters of stars* since the d^k 
lines seen usually in the spectra of the Utter «uld hardly 
be expected to be visible in the case of such faint objects 

^tii Stars have been classified^ first by Secchi (1863), 
afterwards in slightly different ways by olh«s, according to 
the Rcneral arrangement of the dark lines m thmr spectra; 
and some attempts have been made to base on these 
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differences inferences as to tSc relative “xiges," or at any 
rate the stages of development^, of different stars. 

Many of the dark lines in the spectra of stats have beer 
identified, first by Sir William Huggins in with the 

lines of known terrestrial elements, such as hydrogen, iron, 
sodium, calcium ; so that a certain ideniity between the 
materials of whi^ our own earth is made and that of 
bodies so remote as the fixed stars is thus tstahlishetL 
In addition to the classes of stars already mentioned, the 
spectroscope has shewn the existence of an eKtremcfy in^ 
tercsting if rather perplexing class of stars, falling into 
several subdivisions, which seem to form a conncctLng 
link between ordinary stars and nebulae, for, though tn- 
disiinguiahable telescopically from ordinarj' stars, iheir 
spectra shew^ bright lines either periodically or regularly, 
A good many stars of this class are variable, and several 
new '■ Stars which have appeared and faded away of late 
years have sliicwn similar characteristics. 

313. The first application to the fixed stars of the spectro 
scopic method (§ 302) of determining motion towards or away 
from the obKfver w'as made by Sir VVilH;un Huggins in 1&68. 
A minute displncement from its usual position of a dark 
hydrogen line (F) in the spedrum of Sirius was detected, 
and interpreted a^ shewing that the star w^as receding from 
the solar system at a considerable speed. A number of 
other stars were similarly observed in ihc following 
and the wort has been taken up since by a number of 
other observers, notably at Potsdam under the direction 
of Professor //. C, Vi^gdy and at Greenwich^ 

3r4. k very remarkable application of this method to 
binary stars has recently b^n made. If two stars are 
revolving round one another, their motions towards and 
away from the earth are changing regularly and are differ* 
«it; hence, if the light from wth stars is received in the 
spectrotscopc, two spcrtta arc formed—one for each st^ 
the lines of which shift regularly relatively to one another. 
If a particular line, say the F line, common to the spet^ 
of both stars, is observed when both stars are mo''i-rig 
towards (or away from) the earth at the same rate—which 
happens twice in each revolution—only one line is seen; 
but w’hcn they are moving difietently, if the spectroscope 
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be powerful enough to detect the minute quantity involved, 
the line will appear doubled, one component bdngdue to 
ore Star and one to the other. A periodic doubling of 
this kind wai detected at the end of iSS^ by Profes^r 
E. C of Harvard in the case of £ which 

was thus for the first time shewn to be binary, and found 
to have the remarkably short period of only 104 days. 
This discovery was followed almoflt immediately by Pro¬ 
fessor Vogel's detection of a periodical shift in the position 
of the dark lines in the spectrum of the variable star Algol 
(chapter xii., § a6fi) but os in this case no doubling of the 
lines can be scenj the inference is that the companion star 
is nearly or quite dark, so that as the two revolve round 
one another the speetTum of the bright star shifts in the 
manncT observed. Thus the eclip^iheory of Algol s 
variability received a striking vcrificition. 

A number of other cases of both classes of spectrtMcopic 
binary slara (as they may conveniently be called) have 
since been discovered The upper part of fig. 103 she^^ 
the doubling of one of the lines in the spectrum of the 
doubte star p Aurigat^ and the lower part shews the 
corresponding part of the spectrum at a time when the line 
appeared single. . 

315. Variable stars of different kinds have received a 
good deal of attention during this century, particularly 
during the bst few years. About 4c» stars arc now clearly 
recognised as variable, while in a large number of other 
cases variability of light has been suspected ; except, how¬ 
ever, in a few cases, like that of Algol, the causes of 
variabiLty are still eitrcmely obscure, 

316, The study of the relative brightness of sta^—a 
branch of astronomy now genemlly known as stellar pho^ 
netry—has also been carried on extensively during 
century and has now been put on a scirnfffic basis, ^e 
traditional classification of stars into magnitude^ according 
to their brightness, was almost wholly arbitnury, and 
decidedly unoertaia As soon as exact quantiiartve com¬ 
parisons of stars of different brightness bc^ to be earned 
out on a considemble sole, the heed of a more p^ise 
system of classification became felt John Hctschel wm 
one of the pioneers in this direction; he suggested a scale 
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capable of precise expressiont and agreeing iBug|illy» at 
on V rate as far as naked^^vc stars arc concerned, with the 
current usages; white at the Cape be measured t^ef^y 
the light of a large number of bright stars and cla-sstned 
them on this prindpk. According to the scale now gener¬ 
ally adopted, drst suggested in 1856 by Norman 
P^<m (1819-1S91)- tbe lignt of a star of any mafimtude 
bears a fixed ratio (which is taken to be 2^511,..) to that 
of a star of the next magnitude. The numljer is so loosen 
that a star of the sixth magnitude—thus defined—ts 100 
limes fainter ihan one of the first magniiude*^ 
intermediate brightness have magnitudes expressed by 
fractions w hich can be at once calculated {atxordiiig to 
a simple mathematical rule) when the ratio of me light 
received from the star to that received from a standard Star 

has been observed.t - , t j 

Most of the great star catalogues {§■ 380) have included 
estimates, of the magnitudes of stars, I'he most extensive 
and accurate series of measurements of star brightness have 
been those executed at Harvard and at Oxford under the 
superintendence of Professor E. C, iMckering and the late 
Professor Pritchard resiiectively. Both catalogues deai with 
stars visible to the naked eye i the Hansard catalogue 
(published in 1S84) comprises 4,160 stars betw^ctn the 
North Pole and 30^ southern declination, and the Umno- 
rtsitria Nma Oxotatmis (1S85), aa it is called, only goes 
10® south of the equator and includes 1,784 stars. Portio^ 
of more extensive catalogues dealing with fainter stars, m 
progress at Harvard and at Potsdam,, have also been 
published. 

* a’5 ti... 1 * thM*n tu bring theawinber the ]os»iiEhi« ef which 
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t If h he the ratio of the light nceciwd frcuti a ataf ta that feetivM 
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pbotometty. 












Fir„ The SJitty Wiy near the rtmler Terscua. From a phgtajsrii^h 

by Pr^feuer Bumardt [To/tttrfi- 4*5^ 















PAoiomdryi ihi Sidtnai Syikm 


405 


3 17 The ercat pnjWem to which Hcr&chel gave ^ 
n^uch attention, that of iht general arrairgement of the 
stais and the atnicture of the system, if any, foTmed 
by them and the nebube, has been affected in a vanciy 
of V.T1FS by the additions which have been ntade to our 
linowIcdEC of the stars. But so fat are we from any 
satisfactory solution of the problem that no modern tbeoiy 
can fairly cbim to represent the facts now known to us as well 
as Herschel’s earlier theory h«ed the reiuch scantier stock 
which be had at his command. In this w m so many 
cases an increase of knowledge has shewn the msnfficiency 
of a previously accepted theory, but has not Wiv 

sucoeMor. Detailed study of the form of 
fcf 104^ and of its rtbtiou to the genera! body of stars 
has shewn the inadequacy of any simple arrangement of 
stars to represent its appearance j 

crindstont the ring which his son was inclmed to substitute 
Si it ^ the rosSt of his Cbpc siudrcs, and the more 
OTraplicatcd forms which bier wnteis have suggested,^ 
account for its peculiarities. Again such evident 
as wt have of the distance of the stars, when compared 
witHhcTr brightness, shews that there are large vanauons 
in their acluS sizes as well as in their apparent and 
thus tells acainst the assumption of a ECTtain uniformity 
whth undSy much of H^hel's work. The - isbnd 
universe" theory of nebulae, partblly ab^doned by 

nUhel after 1^91 ^ 

credit again by Lord Rosse’s discovencs 
si^vivedtbe s^lroscopic proof of the gaseo^ 
of certjin ntbS^ evidence '3* . 

intimate Tcbtions between nebulae and stars genermij , 
HerschePs observation that nebula are den^st in 

farthest from the Milky Way Has been abundant^ 

^« br as irresoluhle nebulae are concerned-while 

by tJirirongcnienl 
pBifciiiciofth^t SKcirs. to be really 

»=SS:ir.s^^srK 
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in ihcir ^ctr.i (§ St^) form another link connecting 

nebuliic with stars, , ., . 

A good many convening lines of endenoe thus point 
to a greater vatieiy in the arningement, siie» and structure 
of the bodies with which the leleaoopc makes us acquamied 
than seemed probable when sidereal astronomy was first 
seriously studied j they also indicate the probabiluy that 
these bodies should be teganded as belonging to a 
single system |. even if it be of almost mcoticeivabte 
complexity, rather than to a number of perfejctly distinct 
systems of a simpler type. 

3,18. I^pbce's nebular hy^iothesis (chapter xi., § a50) 
was published a Uule moio than a century ago (i 79 <i)i 
has been greatty affected by progress in various depart¬ 
ments of astronomical knowledge. Subsequent discoveries 
of ^nel-s and satellites (§§ 294 * ^ 95 ) mair^ to Mine 
extent the uniformity and symme^' of the motions of the 
solar system on which Laplace laid so much stress) hut it 
is not impossible to give reasonable explanations of the 
backward motions of the satellites of the two most distant 
planets, and of the large eccentricity and inclination of the 
paths of some of the minor planets^ while apart from these 
exceptions the number of bodies the motions of which 
have the characteristics which Laplace pointed out has 
been considerably increased. The case for some sort of 
common Origin of the bodies of the solar system hM per¬ 
haps in this way gained as much as it has lost. jiVgain, the 
telescopic cridcnce which Herschel adduced (chapter xir, 
§ 261) in favour of the existence of certain processes of 
condensation in nebulae has been strengthened by later 
evidence of a similar charatter, and by the vanous pie<^ 
of evidence already referred to which connect nebulae with 
single stars and with clusters. The differences in the 
spccim of stars also receive their most satisfactory explana¬ 
tion as Tepreseuting different stages of condensation of 
bodies of the same general character. 

319, An entirely new contribution to the problem has 
resulted from certain discoveries as to the nature of heat, 
culminating m the recc^nitioti (about 1840-50} of heat w 
only one form of what physicists now call energyt which 
manifests itself also in the motion of bodies, in the 
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separation of bodies wtiich attract one another, as weU as 
in various electrical, chemical, and other ways, \\ith this 
disco^-ery ivas closely connected the general thra^ known 
as ihe ponterraticn of energy, according to which cncr0, 
thoujzh capable of many iransforraations. cm neither ^ 
increased nor decreased in quantity. A body which, like 
the san, is giving out heat and Eight is acrardmgly thereby 
losing energy, and is like a inachinc domg work; either 
then it is receiving energy from some ^^tber" sounra to 
compensate this loss or its store of energy is diminishing 
Butab^y^hich goes on indefinitely giving out hmtano 
liffht without having its store of energy replenished is 
eractly analogous to a machine which goes on worb^ 
indefinitely without any motive power to dnvc it; and both 

b, Joh. Hc^cbel P0.ill« ib 
1816 30J) called attention to the enormous e^ndi^^ 

of ^e sun in the form of heat, and astronomers thus had to 
face the problem of eirplainiiig how the sun ^ able to go 
on radiating heat and light in this wav. m ^e 

few thourand years of the past cov^ed by 
nor in the enormously great penods of which 
and biologists take account, is there any evidence of any 
iraanrpermanent alteration in the amount of heat and 
light receivSi annually by the earth from the 
theory of the sun's heat must iherefoie be able to “P^ount 
for St continual expenditure 

cdS!^aion is found to I* ““''y ™y'V’'l!4“ 

“ ‘Thc^ipS 

now Generally acceiyted was first given by the g^t 
wJ.,1^ in iSc4 The sun possesses an immense store of 

If S my on* i‘ “"^'0 

S„‘™| cnerey is uKtsorily lost ond taka some other foim. 
Sdse of the suit «e hovn ‘hcrefore 
ot cS. The preotSB amounl of cri^ lihsBted 
"aldlc Souot of shriukuBO of the sun depends upon 
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the tnlemal distribution of density in the sun, which is 
unDertain, but mating any feasonalilc ;vssumption as to this 
we 6nd that the amount, of shrinking required to supply 
the sun's espcndiiure of h^t would only ditnitiish the 
diameter by a few hundred feet annually, anti would 
therefore be imperceptible with our present telescopic 
power for oentunear while no earlier records of the jun^s 
site are accurate enough to shew it. It is easy to calculate 
on the same principles the amount of energy liberated by a 
bt^y like the sun in shrinking frOKn an indefinitely diffused 
condition to its present state, and from its pre^t state to 
one of assigned greater density^ the result being that we 
can in this way account for an experkditure of sun-heat at 
the present rate for a period to be counted in millions of 
years in either past or future time, while if the rate of 
CKpenditure was less in the remote past or becomes less 
in the future the time h extended to a corresponding 
extent. 

No other cause that has been suggested is competent 
to account for more than a small fraction of the actual 
heat-expcndituie of the sun; the gravitational theory 
aatisSea ali the requirements of astronomy proper, and goes 
at any rale some way towards meeting the demands of 
biology and geology. 

If then we accept it as provisionally established, wt 
are led to the conclusion, that the sun was in the post 
larger and less condensed than now, and by going suffi¬ 
ciently lar back into the past we ffnd it in a condition not 
unlike the primitive nebula which Laplace presupposed, 
with the exception that it need not have boon hot. 

^aos A new light has been thrown on the possible 
des'elopment of the earth and moon by Professor G. H, 
Darwin's study of the effects of tidal friction (cf. § aSy and 
§§ 293, 393), Since the tides increase the length of the 
day and month and ^dually repel the moon from the 
earth, it follows that in the past the moon was neater to 
the earth than now, and that tidal action was consequently 
much greater. Following out this clue, Professor Darwin 
found, by a scries of elaborate calculations published in 
1879-31, strong evidence of a. past time when the moon 
was close to the earth, revolving round it in the same time 
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in which the Cflfth rotated on its axis* which was ihcn a 
httlc over two houf«- The two bodi«j in fact, were moving 
as if they were connected ; it is difficult to avoid the 
probable inference that at an earlier stage the two really 
were one, and that the moot! is in reality a fragment of the 
earth driven off from it by the tco-rapid spinning of the 
earth, or otherwise. 

Professor Darwin has also examined the possibility of 
explaining in a siitiiUir way the formation of the satellites 
of the other planets and of the planets themselves from 
the sun, but the circumstances of the moon'earih system 
turn out to be exceptional, and tidal influence has been 
less effecrive in other cases^ though it gives a saiisfncio^ 
explanation of certain peculiarities of the planets and their 
satellites. More recently (1S91} Dr. Sta lias applied □ 
sornewhat similar line of reasoning lo explain by means 
of tidal action the development of double stars from an 
earlier ncbuloua condition. 

Speaking generally, we may say that the outcome of the 
19th century study of the problem of the early history 
of the solar system has been lo discredit the details of 
Laplace’s hypothesis in a variety of ways, but to establish 
on a firmer basis the general view that the solar system 
has b«n formed !)>' some process of condensation out of 
an earlier very diffused mass bearing a general fcsemblancc 
to one of the nebulae which the telescope shews us, and 
that stars other than the sun are not unlikely to have been 
formed in a somewhat similar way j and, further, the theory 
of tidal frieiion supplements this general but irague theory, 
by giving a rational account of a process which seems to 
have been the predominant factor in the development of 
the syiiein formed by our own earth and mwn, and to have 
had at any rate an important influence in a number of 
other cases. 
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I HAVE made jEreat use tlutnigliout of R Wolfs 
Astronomic, ami of the si* volumea of XJebmbrefl Hisio^ 
dt rAsironitmu (^jrrrrtww, a voJs-; du Movm ^ 
\fodrme, 3 voU,; dn UiMmmt i 

niicntly Tcfcf to thcM tiooks aimvljf as Wolf 
rMncctivelv. f have uwd Icm ofteo the jwlioaomc^l sKttocu 
STwhewell’s Histofy of the fndudhfc Sdencts (fefmrf to aa 
Wkewdi), and I am i ndeb4ed-H:hieny for dates and rcfcr^« 
-to the histories of “alhetiiarics written^pechveWt^Mjm 
W. W. R. Ball, and Cajori. to Pogg«>d^a 
dcr Exaden Wdsmsekaften, and to 
Sraphical dielionaries. eiicydopaediaa, and 
Of general trcatia« on asliotiomy 

w«jr YouVs General Aitronomy, and Procloi^a Qldwd^cw 
Ashemoms ha« been the most useful for my purpMW, 

It is di^cul t to make a selection among the wry large number 
of books on aslrDEiomy which anradaptrsd to the genmli reader. 
F^otTudenll who wish for an IntrodlKtmr flceonnt of ^nomy 
the Astronomer Royal's Primer of Astronomy jnay be recorn- 
mendfd'Youngs Elements of A 

nnA <i!r H S BalPs Story of the Heavens, Newtombs t opniar 
and Sir y Astronomy enter tnW 

Utile mathematics- There are also three modem •>»“ 

d«Ung generally with the hlslo^ oj dlan^n 

Uic biojTaphical element is much more jp!L1*S 

bock- St Sir R. S. Ball's Great Aslnntotncrt, Lodge f 
of Science, and Morton's Hemes ^fSdenat Astronomers, 
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IL Spectal Periods, 

Chapten 1. and //.—In addition to the general histories quoted 
above—especially Wolf —1 hare made most use of Tannery s 
Kechtrehes sue tHistoire do tAstronomU Anaenne and of swral 
biographical articles fchiefly by Dc Morgan) in Smith's Dictionary 
of Classical Biography and Mythology. Idclers Ckrmologiseht 
UntersucMungen, Hankel's Geschichte der Mathematik tm Alter- 
tkum und MiUetalter, G. C. Lewis’s Astronomy of the Amdents, 
and Epping & Strassmaicr’s Astronomisches aus Bahylon hare 
ahm been used to some extent. Unfortunately my attention was 
only called to Susemihl's GeschichU der Griechischeu IJtteraiur 
in der Alexandriner Zeit when most of my book was in piwf. 
and I have consequently been able to make but little use of it. 

I have in general made no attempt to consult the oripnal 
Greek authorities, but I have made some use of translations 
of Aristarchus, of the Almagest, and of the astronomical wTitings 
of Plato and Aristotle. 

Chapter III. —The account of Eastern astronomy is based 
chiefly on Delambre, and on Hankel's Geschichte der Mathematik 
im Alterihum und Mitielalter\ to a less extent on Whewell. 
For the West 1 hare made more use of Whewell, and have 
borrowed biographical material for the English writers from the 
Dictionary of tiational Biography. 1 have aUo consulted a good 
many of the original astronoimc^ books referred to in the latter 
part of the chapter. 

I know of no accessible book in English to which to refer 
students except Whewell. 

Chapter /y.—For biographical material, for information as to 
the minor writings, and as to the history of the publication of 
the De Revolutionibus 1 have itsed little but Prow’e's elaborate 
Nicolaus Coppemicus, and the documents printed in it. My 
account of the De Betfolutionihus is taken from the book itself. 
The portrait is taken from Dandcleau’s engraving of a picture in 
Lalande’s possession. I have not been able to discover any 
portrait which was clearly made during Coppemicus's lifetime, 
but the close resemblance between several pt^raits dating from 
the 17 th century and Dandeleau’s seems to shew that the latter 
is substantially authentic. 

There is a readable account of Coppemicus, as well as of several 
other astronomers, in Bertrand's Fondedeurs de fAstronomie 
Modems', but 1 have not used the book as an authority. 

Chapter V. —For the life of Tycho 1 have relied chiefly on 
DreyePs Tpehe Brake, whicR has also been used ats a guide to 
his scientifle work; but I have made constant reference to the 
original writings: I have also made some use of Gassendfs VUa 
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Tyckonis Brakr. The portrait i» . rep^uctioo 

the possession of Dr. Crompton of Manchester, de«ri^ / 

in iKTwra 0 / tkf AfanckrsUr Ulrrar^ and Pkdcscikual 

Vol VI III. For minor Continental writers I have 

;Sw/. .inou. .«icl« by D. Mo.^ q;««l by hu=. 
articles in the DicBonary of Rational Biography. 

Sudents wiU find in Dreyers book all that they are likely to 

want to know about Tycho. 

r/—For Galilei’s life I have used chiefly Karl ron 

Geble^s GaliUi and die Romiscke Curie, P»rtJy. ,11!l 

^blers English edition (translated 

bv Mn Sturgcl tlie disputed questions ctmnect^ with the 
1 I M far as possible on the original documents 

trial I have been published by von 

CiUste. I l«ve „ Martin's GaUUe, and have probably 

Galilei'sworkcontained in H. Martin s^jrr. ^ 

borrowed been based almost entirely on study 

Galilei’s scientific wtrt has ^n translatiw ; I hai-e 

of his own books, either in the oryi^^^"^ 

^ freely the ike Grand DuckeL 

Systems ^Tmc Sciences by 

Christine by ^'“*^^7iJ^-b.tbJrvl and that of the Sidereal 
Weston (as u^ll as that by SiUus^h ^ 

Messenger by of Galilei, which are to be 

controversial tracts «?L,.fita on them) in the magnificent 

found (together wth h u c o course of publication; and 

conuinedinM.ch’.ft.^.a/^^^^ 

referred to. _of one bv Sustermans in the 

The oortrait is a reproduction of one oy 

Uffizl Gallery. .vmuUr account of GalUei’s life and 

There is an published by the Society 

workinthe^^d/^’J”*^ KiJc^Iwl^: 
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on the Ttoo Chief SysUme of the World, cither in the original or 
in the pictureaquc old tran^tion by Saliwbury : there is also a 
modem German version of this book, as well as of the Two Sew 
Sciences, in Ostwald’s series of KUtssiker der exaktem W/ssen- 
sehaften. 

Chapter K//.—For Kepler’s life I have used chiefly Wolf 
and the life—or rather biographical material—given by Frisch 
in the last volume of his ediuon of Kepler's works, also to a 
small ejrtent Breitschwerdt’s Johann Keppler, For Kepler's 
scientifle discoveries 1 have us^ chiefly hu own writings, but 1 
am indebted to some extent to Wolf and Delambre, especially 
for infomution with regard to his minor works. The permit 
is a reproduction of one by Nordling given in Frisch’s edition. 

"The IJves of Eminent Persons, already referred to, also contains 
an excellent popular account of Kepler’s life and work. 

Chapter VIlt.—\ have used chiefly Wolf and Delambre', 
for the English writers Gascoigne and Horrocks I have used 
\intewell and articles in the Diet. Nat. Biog. What I have 
said about the work of Huygens is taken directly from the books 
of his which are quoted in the text; and for special points 1 
have consulted the Principia of Descartes, and a very few of 
Cassini's extensive writings. 

There is no obvious book to recommend to students. 

Chapter IX .—For the extenul events of Newton’s life I hav’C 
relied chiefly on Brewster’s Memoirs of Sir Isaac Newton ; and 
for the history of the growth of his ideas on the subject of 
gravitation I have made extensive use of W. W. R. Ball’s Essay 
on Newtons Principia, and of the original documents contained 
in it I have also made some use of tlie articles on Neulon in 
the Encyclopaedia Britannica and the Dictionary of National 
Biography', as well as of Rigaud’s Correspondence of Scientific 
Men of the Seventeenth Century, of Edleston’s Corresfiondence 
of Sir Isaac Newton and PrM. Cotes, and of Baily’s Account of 
the Rev*- John Flamsteed. The portrait is a reproduction of one 
by Kneller. 

Students are recommended to read Brewster's book, quoted 
above, or the abridged Life of Sir Isaac Newton by the same 
author. "The Laws of Motion are discussed in most modern 
text-books of dynamics; the best treatment that I am acquainted 
with of the various difficulties connected with them is in an 
article by W. H. Macaulay in the Bulletin of the American 
Mathematical Society, Ser. 11 ., VoL III., No. 10, July 1897. 

Chapter X .—For Flamsieed I have used chiefly Baily’s 
Account of the Rev^ John Flamsteed', for Bradley little but the 
Miscellaneous Works and Correspondence of the Rev. lames 
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Bradley (edited by Rigaud), from which the portrait hw 
taken. My account of Halley’s work is based to a considerable 
extent on his own writings; there is a good deal of btographiail 
information about him in the books already quoted in conn^ion 
with Newton and Flamsteed, and there is a useful article on 
him in the Dictionary of National 

a good deal of use In this chapter of Wolf and Delambn, 
esDccially in dealing with Continental astronomers; and for 

nSSi of uS .ubie« I h.vt uKd Gt."f. 
l^skiu Axtromemy, Todnunter'i History of tkt M^ittmatkol 
Theories of Attraction and the Figure of the Earth, and 
Poynting's Density of the Earth. 

ChaN*r A 7 .—Most of the biographical materal hM been 
taken Uom Wolf from articles in various en«clopa^ Md 
biographical dictionaries, chiefly French, and wm l>elambre s 
Lagrange. The two portraits are uken 
from Serret? edition of the Oeuvres fr^ 

the Academy’s e^tion of the Oeuvres CompUUs de^Laflace.^ 
Gautier’s Essai Historique'sur le ProbUme ^ ^*^*S^* ““‘J 
Grit’s Hutory of PhyncaJ Astronomy have been the b<»ks moat 
used for my account of the scientific contributions of the v^ous 
dealt with ; I ha« aUo consulted 
treatises on gravitational astronomy, especially TlsserMds 
Micanioue CiUste, Brown s iMMr TW. 
rhevne's Planetary Theory and Ainr s Gravitation, r ot special 
poinul I have Todhunter’s His^, ^dy 

Sf the original writinjp 1 have ‘ 

I^nlace’s .Micanigue CiUste as well as of his Sjsteme duManae, 
I have also consulted a certain number of his other wntings and 
of those of Lagrange and Clairaut; but have made no systematic 

^^‘stui^nSrllho wish to know more about 
but have little knowledge 

Airv’s Gravitation ; Herscbel s Outlines of Astronmy an 
Glint’s History (quoted above) also deal with the subject 
^thout empS^ng roathematica, and are tolerably intelUgible- 

CkabUr A 7 /— The account of Herschel’s car^ ta Uken 
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\vritingB;. I hive mnde itso some little use o| Gnnt'a IfisioTy 
(alrci^ quoted)^ of IVolf^ ind of Miss ClerJte's SysUm t>/ tkt 
Sttvrj. 

Students are lecumraeuded to read iny or all ot the first four 
books named above; the Memoir gives a ebumitkg picture of 
Herschel^s personal life ind espedally of his relntions uith his 
sister. There ia also a good nzrlticil account of Fferflchera work 
on sidereal Hstrtinumy fn Proctor^e OM and Neuj AstroH^my, 

Chapter AV//.—Except in the irticlea dealing t^^lh gravita^ 
tionnl aatitmomy 1 hive eonstantly used. Sjiss CTerte’s Hisi&ry 
(already quoted), a book which students are strongly recom- 
mcnded to read ; and in dealing with the Erst hslf of the century 
I have been Ket|»d a good deal by Craot^s Uiitory. Dut for 
the meet piirt the rnaterials for die chapter have been drawn 
ftom a great number of souixcs—coiieiadng veiy' largely of the 
original writings of the astronomers referred to—which it would 
be difScult and hudly worth while to enumerate for the lives 
of astronomers (especially of English ones), bs well as for recent 
astronomical history generally^ L havt been much helped by the 
obituary notices aud the reports on the program of astronomy 
which spipear annually in the Monihiy Notieet of the Royal 
Astroaomical Society. 

I add the names of a few books which deal with special parts 
of tnoderti astrotvomy in a nanr-technicaJ way:— 

The San^ C, A. Young; The Shu, R. A- Proctor; The Story 
af the Shh, R. S. Rail; The Suds Piaa in Ptatnre, J. Ni. 
Lockyer. 

The Moon, E. Netson; The A^foan, T* G. Eiger. 

Saturn and ib Syitem^ R. A. Proctor. 

Mart. Percii-al Lnwel]. 

The IVarid sf Carnets, A, GuLllcmin (a vvelMIlustrated but 
unciitidl book, now rather out of date) ; Hemarkabte 
ComeiSy W. T. Lynn (a very small book full of useful in- 
furmation) ; The Great Metearitk Shemer of Nmiember,, 
W. y\ Dentiing 

The Tides and Kindred PhenanteHa in the Sotar System^ G, H. 
Dainvin. 

Remorhahie Ectipses, W+ T. Lynn (nf the same character as 
his book on Cornels.) 

The System of the SUsrs^ A. M. Clerkc. 

Spectrum Auatyiis, H. Schellent Spettrv/n Anatysis, H. E, 
Roscoe, 
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Roman Jigam nfir to tkt ckafOtrs, Ambk lo Ih* artkUs. Th* 
Mumbtn gitfta m AwtcArti afitr tht aamt of aa astfxmomtF an 
lJu Jain of birtM amJ iUatk. AU daUt an K.tt. uaUts othrrxtitt 
$kHtd. Im eaan im mhkk an amthar'M namt ocean in aevcral 
arfides, the namhen of the artkUt in which the frintipal jwapMwT >/ 
him or his war* is given are printed in clarendon type thns : 2f6. 
The names <f living astronomen are italicised. 


Abul Wafa. See Wafa 
Adams (1819-1892), xill. 286, 
287, 2^ 

AdcIartL See Athelard 
Airy (1801-1892X X. 227 w; 
xiii. 281,292 

Albatcanius (?- 929 X 53 ! 

59, &. 68 a ; IV. 84, 85 
Albert (of PruaiiaX v. 94 
AIbcrtu* Magnus (13th centX 


iiL 67 

Alcuin ( 735 - 8 o*> »»■ .^5 
Alembert, d*. See D Alembert 
Alexander, lU 31 
Alfonso X. ( 1223 -I 284 X i». 66, 


I 


68 ;v .94 

A 1 Mamun. iii. 57 . 69 
A 1 Mansur, ill. 56 
A 1 Rasid. in. 56 


B.C. ?-437 


Alva. \ni. 135 
Anaxagoras (499 

a.c.?). 1.17 . . 

Anaximander (610 B.c.- 54 b 


I 


11.C 7 ), »• * > 

Apian (I495-«552X «»• Ml 
97; VII. 146 


Apollonius (latter half of 3rd 
cent B.C.X 11. 38 , 39 . 45 * 5 ». 
52 n; X. 205 
Arago, XII. 254 
Archimedes, 11. 52 «; ill. 62 
Argelander (i 79 ^» 675 X 3 ^“'* 
280 

Aristarchus (earlier part of 3rd 
cent. B.C.X n. 24, 32, 41 . 42 . 
54 ; «v.75 

Aristophanes, ll. 19 
Aristotle (384 B.C.-322 B.C.X 

II. 24, 27 - 30 . 3 <. 47 . 51. 53 ; 
iiL 56. 66, 67, 68; IV. 70,77; 
V. 100; VI. 116, 121, 12$, 
134; VIII. 163 

Aristyllus (earlier part of 3rd 
cent. B.C.X II. 32, 4 ^ 
Arzachel (^ 1080X ni. 61 . 
66 

d*Ascoti, Cccco (13th cent-X 

III. 67 

Athelard (banning of 12th 
^nt.X III. TO 

Auzout (?-i69iX VIII. 156 , 
160; X. 198 

»7 
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Baton^ Francis (1561-1617), 

VI. IJ+: VIII. 163 
Bacon, Roger {11147-1154). 

III. 67 ; ^*1. 118 
Bailty, XL 137 
XIII. 37S H 

Bar. Reym«rs(Urau»)(?-l6ooX 

V. ID 5 

Barbcrini (Urban VEII.). V|. 

125, ti 7 r ijii ^31 

Bamartlt Kill. 394 . ^93 

Baroniiis. VT. 115 

Bamnc, [saac; ix. 166 
Baycr^ Xtt. 166 

BedCf HI. 65 

Begi^, UluglL Set L’lugh Begli 
BclUinnjne, vu 116 
Bentley, ix. 191 
Berenice. L 12 

Bemouilli, Daniel (1700-17^1]^ 

Xt. 230 

Bemouillif Jama {1654-1705). 

XI. 350 

Bemnaim. John ( 1667 ^ 174 BX 

XL 110. 230 

Bessel (1734-1646X X. (98 4, 
iiS; XIII, 372. 277 - 378 , i 79 i 

l80i 

Bille. V. 99 

Bliss (1700-1764X X. 219 
Bond. William Cnmch (1789- 
1859). XIII. 295 
Borelli (1608-1679). IX. 170 
Bougner (1698-1758), x. 119. 
221 

Bnulliau. See Bullialclus 
Bonvard. xi. 247 h i xni. 2S9 
Bradley (1693-1762), x. 198, 
206 - 218 , 219V 332-226; XI. 

233: i«li- 257.35^ 363,164 ; 

xiJi. 271, 273, 275, 277 
Brahe, Tycho (1546-1601), iii. 
60V 62 ; V. 97, 98 n, 80 -IJl^; 
VL 113, ii7« 127; viL 13^ 
139,141 4,142,145,146,148 : 


VIII. 152, 153, 163; IX. 190; 
X. 198, 303, 125; XII. 257; 

XIII. 173 

Bmdzevvshi, IV'. 71 
Brnno, vi. 133 

Bullialdn5(i6o5-i694j, xit. l£6 
Bunsen. Xili, 299 
Burchhardt. (■773-l825)< 

241 

Biitg (1766-18^), XL 241 

BQrgi (1552-1633), V. 97 , 98 ; 

VIII. 157 

Burney. Miss, XEi. 260 
Buntftamy xiii. 309 

Caccini. VI. 125 
Caoar,^ JL it; ml 67 
Caltiopiis ( 4 tti cent. S.C), ii. 
20 . 26,37 

CapelTa, Martianiu (5th or 6tb 

CCtlL A.O.). IV, 75 
Carlyle, XI. 232 

Carringlon (1836-1875)1 khl 

298, 302 

Oirtcsius. See Descartes 
Casaint, Gaunt (1748-1845) x. 

230 

Cassini, Giovunni Domenico 

(1625-1712). viti. 160 , 161 ; 

IX. 187; X. 2i6v 220 . 221. 
223-. xit. 253, 567; XIu. 207 

Cassini Jacques {[677-1756), 

X. 230 . 221 , 222 

Cassini de Thury (1714-1784), 

X. 220 

Castelll, VI. 135 
Cillierine tf., x. 22/; xl. 2;y^ 
232 

Cai'cndish ([731-1310). X- 219 
Cccco d'AscoIi ([2577-1317). 
ML 67 

Ckandfef^ XIII, 285 
Charlemagne, ml 65 
Charles 11 , X, 197, 133 
CAttrlott, XIII. 294 
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Clu^stian {of DcnmarlfJ^ v, 106 
Chjutine (the Grand Diuhraa), 
vt 125, 

Cbiraiit (I 7 i 3 ri 76 ' 5 ). 22^, 

230j B 3 lt 23 a 23 JI, 237 i 
239, 24B: xtii. 290 
Clemcot VJ1.( iv, 73 
C/rrkf, Xiilr sSg a 
CltiTord, IX. E73 n 
^lombc, Ludovico doltet vr^ 
119 H 

Columbus. 1)1. 

CoRdamine (tT^i-1774), 

Corti, V], 125 
Cook^ n. 22-7 

Coppemtcus (I 473 -I? 43 jk ”- 
24,41 54 ; III- Sif 

IV. >WJi*i; V. 93-97f 100, 
toj. iiov lit: '■’I, ii 7 f 
tJ7, tag.; vit. 139, 1501 ik- 
194: XII. 257; xtii. 379 
Comtt, Ktn, 2S3 
Cosmo dr Medtci, vi^ 12 E 
Coles (LaB2-i7i6)> IX. 192 
CroflthwDit, X. 198 
Cusa, Nicholas of (1401-1404)^ 
jy. 75 

DWembc,rt ti 7 * 7 ’-i 7 S]l>- Si 
Xi- 329, 231 itf 232 - 23 &t 

237-339^ 348 

Dauvoiseau ( 1 7^8 -1 S 4 iS'X ^m- 
2S6 

Danic* in. 67 t vi. ijg « 
Darv-’iN. xiii. 292, 320 
Da ViocL See Virtci 
Dawes (1799-1 S6B)» “95 

Delambrr. tt. 44 : X. 213 ; xi. 

347 fl; xiiL 272 
Delaunay Jiiii, 

3S6, 287 

De htorgan^ ii. $2 # 
D«cartCT(iS96^i6Si>JrVin, 163 
Diderot, XI. 232 


DIggita, Leonard (?-J57l VI. 

tiS 

Diji^esFTIiom as (I’.-i 593)1, v. 93 
Dnosti (1826^1873]!, xiir. 304 
Doppler (] Sci3> 1853), xiii. 3102 
fJreyer, XIII. 308 
Ditmir, XIII. 302 

Erphanlus (5lh Or 6th ceoL 
n.c.), 11. 24 

Eddifl. Nusir (1201-1273)^ m, 
62 , 6S j IV. 73 

Kncke 11791-1865)^ X. 227: 
xtll. 284 

EratofitheoRi (276 B.C-t95 or 
E96 B.c.>, iL 38 , 4 h 54; *- 

2ii 

Euclid (jt 300 ^C.), lb 33t 52 

111 . 6z, 66; VI. 115: IX. 

165 

Eudoxus (409 B..C. ?-356 B.c. 

11. 26 , 27. 30, 42, 51 

Eulrf( 1707-1783),X, Jiji. 22&3 
xj. 229, 233 , 231 M, 2 ^ 236 , 
237, S39v 143 i xiir. 290 


Eahridus, John (1587-16157)1 
VI. 124 

Ferdinand (the Emperor); viu 
i 37 i 147 

FemeJ (1497-155* Iv m- *9 

Ferre], xill, 287 
Field (E 535 ?-i %$ 7 l V. 95 
Fizeau (tSlg-lSgo), Xlll. 283 
plainsteed 11646-1720)^ IX. 192: 
X, 197 , 196 , 199; 204 , 207 
218, 225; XII. 257 ; xtii. 275, 
281 

Fincasior ( 1483 - 1553)1 ni. @ 9 ; 

iv. 89; vti. 146 
Fraunhofer (1797-1826); xilt. 
390 [ 

Frederick IT. (of Denmark), v. 
lol, 102, 106 
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Fif«lcr[[^k IL (die EtupcrarX 
III. 66 

Fred«rick U. (of Prussia )v jct. 
1130, 232^ 237 

Galen^ II. 30 ^ III. >^6; vr 116 

Ca|j|«i, GalHco (e ^64-1642), It. 

\ IV. 73; V . g6v 98 : 
71 . passiin ; vii. 133, t j6, 
133- 145- tji ; VIII, 153-154 
IS 7 . 1 ^ 3 : I*- 165^ i"ov 
i 7 ip 173 , 179, i 30 | J86, 190^ 

IQJ; X. 316 ; Jtll, J53, 357, 

263, 263 1 xiii. 27a, 291 
GaUloI, Vidcenzo, vr. 113 
Gail^t XIII. 3G1, 239 
Gaicoignfl (l6i2 7-i644)f viii. 

155 , 156: X. 193 
GauiK (i 777 "iS 5 S>p 375 , 

2?^ 294 

Gautier (1793-1831xii|. 298 
Get]]{hla Khan, ttt, 62 
George l[l„ Kti, 254-156 
Gcrbcrt (?-ioo3'), III, 60 
Cherardo of Cremona (1114- 
[jS7)^ mi. 66 
Gibbon, 11. 53 ft 
Giese, rv. 74 

Gilbert (1540^1603), vii. 150 
GiU, xiir. -itha, iGi 
GlatiAfr, xiiL 23911 
Godin (1704^1760)^ X. Ill 
Goodricke (1764-1786^, xil. 
266 

Grant, xiii. 2S9 k 
Graosi. vu 13? 

Gregory, jatnee (1638-1675), 
IX m 160; X. ara 
Gregory Xllf., rr, 22 
Gylddn (1841-1396), Jttii, iSS 

Hainzcl, V, 99 
XI iL 3DI 

Halifax, John. iSlisf Saerobosco 


Halifax (Marquis of), ix, 191 

HaJ/, xiit. 183 ft, 195 

Hoitey ([6^6-1741), VIIL [56 ^ 

ixhfl, m, t 9 =-:x 19S, 

190 - 205 , 206,116, 223, 234, 
237: XI, 231, 2p 235, 343 ? 
xti. 165 ; XIII. i 37 , 290 
ffansen (1795-1374) XIII. 2G2, 

234 n 28 S, 290 

ffoi ’ i - Hess , XIII. 301 

Harriot (1560-1621), VI. llB, 

124 

ffintieoti, X. 226 

ffarun a] Rasid, ML 56 

Helmholtx (t 3 £r-il^X xiit. 
3^9 

Hencke (1793-1866) XI11. 294 
Henderson (1798^1344) xiil. 
279 

fleraditus f 5 lii cent, Pt,C.), It, 

Hersebe) Alexander, xii. 251 
11 cxschcl, Carol ine (1750-1S48) 
XI1. 251, 254-256, 2to 
Hersebe) John (1792-1871), 
t. 12 ; X. i 3 i ; XI, 34 J^; xil, 
256; XIII. 2^ ft, 306 -^, 
3 P 9 v 3 J 6 . 3 ' 7 . 319 
Herschc) Willtatn (173S-1822) 

IX, 168; X, 223, 227 ; XI. 250 't 

Xll.fmjfta; Kill. 272; 273, 
294, 30*5-311, 317, 313 

Hesiod, 11. 19, 20 

Hcrel (1611-1687) viii. 153 : 

X. 198; XII. 268 

Hiceiae (6lh or 5th cenl. B-c;), 
II. 24: IV, 75 

7/1/4 XL 233 ft: xiii, 286 , 390 
Hipparchus (2nd cent, n.c,), 1. 

13; II- 35,27, 3^ 3=1 37 - 4 *t 

4 Sf 47 - 5 =, S 4 ; 6S: 

IV, 73, i V. Ill ; VII. 145 
Hippocrates, iir. 36 
Hoi warda (1618-1651) XIL 266 
Hclywood. Sir S^Exoboseo 
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Ilpncin ben Isbnlc (?-S 73 )t iii. 
S6 

Hoohe (J63s-l7l^3)^ Ijf. 174 , 
176; X. 307. ^13 
Horky, VI. I3l 

HoTTocks (16177-1641), VIII. 

1&6 ^ »t- iS^t X- ^ 
Heroflett. xtii. 39 $ 

XJ«‘ 30I1 3 * 1 ^- 

3^3 

Hulnen Kbin, tii. 63 
HuinMldl, Xlif. 39S 
Hutton (J 737 -I&a 3 >- 
{[uygen^ (11^9-1695), V. 9^8 w; 

VI. 135 ; VIII. iM, 155 , 157 , 
158 : IK. 1713-173, 191 
Hypaita (7-415)t 53 

Ibn Yunos, See YnticH 
tsbnk ben Honcin or 

III. S6 

James 1 „ v. 103 : vit. 147 
JainHia IL, tK. 193 

jimseen, mil 501, 3^07 « 
joAchim. See Hheticus 

Kaas, V. J06 

KauL XI. 350^x11. 358, 360? 
Xtll- 3 fl 7 

Knpte^n, xiiL 280 
AVfivji, XI11. 393 
Kepler<1571-1650), IL 33, 51 w, 
54; IV. 911 V. 94, loix 104, 

] 03 -Iia; VL 113, 131 , tJQ. 

132 ; VII,: vm. 13a, 
156, l6oi EX. 168-170^ 173^ 
175. 176, 190^ 194, 19s; 

TO3, 305. 3201 XL 33&. 344 J 

xni. 394, JOI. J09 
Kirohhoff (1834-1817), XIII- 
299 . 300 , 311 

Kirk^vood (1815-1895). Mil. 

294. X97 


KoppemLgk, IV. 71 

Korra, Tabit ben. See Tabit 


LAtanie ((713-1763), X, 223 - 
224 , 335, 337 j XL 3 jr\ J33, 
33 s : XII. 357, 359 
La Condaminc (1701-1774), Jt. 
3 i 9 v 221 

Lagrange (1736-1313X tx, 19J; 
Kl- 239, 351 «. 3 J 3 #, 

337, 338-34°^ 212 - 245 , 347 , 
2481 xii. 331; Klfi. 393, 3c^ 
La^andc (1732-1807), XI. 235 , 
341. 347 " ; 

Lambert (1738-1777)1 XI. 343 ; 

xjj. 365 

Lnml, 1x1 180 K 

Landgrave nf Hesse. . 5 ^^ 
WiUiam IV, 


Lart^J^, XI 11 . 307 
Lansbeig(i56i-i633X viii. 156 
Laplace ( 1749 - 1 S 37 ), xx, 339 . 
231 n, 238 - 249 , 250 1 xil 
351, 3c6 ; MIL 373^ 373, 3S2, 
386-388^ ages 2?5t =97i 5'®^ 


330 

Lassell ( 1799 -i 9 Sc»> xil 267; 
xiii. 295 

La^’OiEier, ML 237 

LcgendfB (1753-1833)^ Mill. 

275,376 

Leibniz, iX. T9I. 193 
Lemaire, XJI. 355 
Leverrier (i S| i-j 877^ xul 382^ 
384, 2S8. 289 , 39C3 293. 294 
Lciell (1740-1784), XII. 355 
Liadenau. xl 347 m 
Lionanlo da Vind, See Vind 
Lip|perE.beim (?-i619), vi. 118 
Lncke. IX. 191 
Loctrer^ xiii. wr, yti 
ZiwrcfV, XiiL 383 » 

L[?ui 4 XIV., Vtu. t6o 
LonU XVI.. XL 337 
Loiiville (1671-1733)1 MJ. 339 
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Lubbock (i3d3-iS 6>X xiri. 2S6 l 
39.3 

LuEber, IV, 73: v. 93 

Machia {?-l7i[X VL 214 
Madaunn (i^^i74fijv 3 L 100 j 
XX, 230, 231 ; XTI. 2^1 
Maestlin, VIJ. 13; 

Manildj, X, 220 

Mariufl. (e|7ch624>, vl 110 ; 
viL 145 

Martian us. Capelin. See 

Cnpella 

MaskeEyne(i732~[Ei[jLX. 3:10; 
XU. 234, 265 

Mason ^1730-17^7). X. 326; 
xl. 24X 

Maltbioa (the Euiperor). vix, 
' 43 , 147 

Alnuperluia (loqE-17 J9X 2'3, 
2 l!Jl; XI. 239, 331 
Mam^cll (tS3T-l879), xiit. 297 
Mayer, Tobias (1733-1763), X, 
3x7, 026 , 236 ; xi, 233, 241; 

XII 36^ 

Mclinchthon, rv. 7^ 74 ; v, 93 
Mc55ieT (1730-1817), XII. 259, 
260 

Melon (460 ELC. ?-?), XL 20 
MicheJ Ad^cEd, vx. itj 
Michel], John (i 734 -i 793 X JL 
319; xti. 363, S64 
AfieMelscnt 3tiii. 183 
Mojynem (1689-1738]!, x. 307 
Mo&EanBii (1613-1687), xiLa& 
M oiler. See Kegioaiontaniiai 

Napier, V, 97 ft 
Napoleon 1., xi. jjS ; xil 256 
Napoleon, Liicien, xi* 338 « 
NassEr Bddid. Sf€ Eddxn, 

Nasair 

AWmiwi, X. 237 rr; Sill. 2 SL 

28 C, 390 


Neivlon (1643-1737), 11. 54; 
iv, 75 j VI. 130, 133, 134; 
vit. 144 , J 5 < 3 T viit 152 ; IX 
passim ; x. 196-200^ 211, 
31 i 215-217, llg^ 3JI ; XI. 
2jls 339^ 331-235. 235. 249; 
XII. 357; XIII. 373, 299 
Nicoolini vl 13s 
Nicholas ol Cusa (1401-1464), 
IV 75 

Nonius (1492-157 7]h 111.69 
NonvEMd (159 d?-i675), vim. 

152 ; tx. (73 
Niimo, IX, 21 
Nunez, See NniLit|.s 
Nyern, xiti. 263 fl 

OlbcTs (1758-1840), Sttt. 394 
Orange, l^nce or, v. 107 
Oaiandcr, iv. 74; v, 93 

PalisOy xtii. 394 
FalElzrch (1723-17SSX XI. 231 
Pemberton. IX. 193 
Fhilolaus ( 51 I 1 cent, b-c:), ii. 
34 ; IV. 7J 

PiAzzi {1/4^1826), X111. 394 
Mfiiitl (1630.. 1682), VII4, 156 , 
157 , i 5 d-l 6 l, 102; IX, E74; 

X. 196^ 198, 231 
Pkkerin^^ XU 1 , 314, 316 
Plana (1781-1869), xiir. 3S6 
Plato (438 n.c,?-347 rLc. 7 ), 11. 

S 4 , 36, 51; IV. 70 

Plato of Tivoli (f. i|i6]i, ML 
66 

Pliny (33 JLO.-79 A.D.), It. 45 
Plutarch, II. 24 ; Xltl. 301 
Poison (tS39^i£^iX xiJi, 316 
Poineariff xiii. 288 
Poisson (1781-1840X X4IL 286^ 

393 

PotitecDulant (1795-1874), xiri. 
286 

Porta, vr. it8 
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Posidanius (i JS i»-c. ?-51 B.c,?)^ 

Paui]S 5 ^? 9 t-iK 63 >, * 111 - 3 ° 7 ^ 

3 >^9 

Pound, X, ao6v 51 & 

Prtvosi (i 7 Sl-'^ 39 ^ 

Pritchard iiSo8^i%>. 

iwS ", SfTfit 3.16 . 

F^olcmViClaudiu^ A.ii-}i 

ii. = 7 , 32, 37 , 

54; III- il, 57. 59^^ 
iu. 70, ^ ^ Sj-fl?. % 9 ' 1 
V. g4t 105 i VI. 121. 12* '34 - 
viL 143: VIII. 161 I tXr 194; 
yL aoi 3 !«■ ^ 3 * 

Piotcmy Philadclphus, ii. 3 ' 
Purbach (1433-14*1)- "1 

rv. 71 , 

Pylfiigorai {*th cent d.c-J, i. 

II, 14: li- 23 , 38, 47- S'- 34 

Rqconk(i 5 i<>"i 556 ). v -95 
Regiomontiuius (1436-1 47 °)'‘ 
uL 68 . *91 1''' 70^ 71 ! V. 97 > 
no 

ReLmorus. See B 4 r 
Reinbold (i S 11 -1 5 S 3 X 

86 ; 139 

Reymcr^ See BSr 
Rheticus HS 14 -'S 7 *)* 

74 5 V, 33 k 94 , 9* . 

Ricardo, 11. 47 " 

Riccioli (1598-1671)- vi»- 133 
Richer (V-J6gi6). VIII. 161 ; u 
i3o. tS?; X. 19^231 
Rieaud. x.^o&h 
Rocmer( i 644 - 17 'o)i viit 163 , 
j{. 198. 310s 3|6 i 72 ®- 
xiit 183 

Rosse (1800-1867), xiii, yio, 

R<jthmnnii (j^. IS®®)- 

08 , '®* 

Rudolph IL (ihB Emperor), v. 
io 6 -lo 8 j vii. 138- 142. 143 


uc. 


SaWnc fi7S8-tS83)t xut 2g3 
SacrobMco ( 7 -I 256 ?), ttt 67 , 
6S 

St- PieTTr, X. ig 7 

Savaiy {I 797 -'® 4 i), xm. W 

Schciocf ( 1575 - 1 ^ 5 ®)- ''1 

1^51 vrt 138 ; vm. 153 ^ 

Sll. 263 

ScAiadforefth xilt 297 
Schomberg. iv. 73 
Schoper, IV, 74 

S^diOnfeld (1638^ 1891)- ^llt 
iBo 

Schicjcter ( 1745 “' 816^ 3 til. 267 > 

271 

Schrtabc (178^1875)- 5 t'" 39a 
Secchi (1818-1878). 31'i 

3 '2 

See, still. 3TO 

Selcucu9 (and cent ac.), 11. 24 
Slntkcapeane, M. 115 

Sharp (1651-1742). X- ' 9 * 
Slusius, ut- 169 
Smith, Kll. 251 

Snell (1S9I-I626X VIII. 159; 

Sosigenes fjL 45 ®-'^X 
Soulb (i 7 H-i^h *l“- 3®6 
Stnive, P, G, W. (1793-1864), 
3tm. 179. 309 
Stnrvf, O.. XIII. 283 n 
SvanbcTg (1771-'®^’)* ^ 
Sylvester il. See Gerbcit 

Tabil Ijen Korra (836^1), III- 

£6, 68,68; IV. U 
Tamerlane. MI. 63 

Thales (640 n,a ?-546 ac 7 X 
IL 33 ; HI. 55 , 

Thcon (/. 36s ti. S 3 

Theophrastus, ii. 24 
Th^phylattus. rv. 72^ 

Ttiomioa T, )t 208 * 
TAomsoK, WiUteM. See hehfite 
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Thury^ CasTini de. See Casstni 
de Thu^ 

Timocbans (l>cginnmg of 3rd 
ccat B.C). IL 3 Ss 43 ; IV, 84 
Tycho Bra.bc. See Brahe 


Ulugh Begh (1394-1449K III. 
63 ^ 68 ; IV. 73 

Uiban VIII. (Bnrberini), vi. 

1 = 5 . » 37 p 131. 132 
Ursus. Ste Blr 

Vari^oe, IX. (So 
Vincit Uonardo da (1452.. i $ ifl), 
til. 69 

rw, xui. 31J, 314 
Voluire, tr. 2l ; Xl, 33g 

Wsfo, Abul (939 or 940-998), 

III. 68 ; rv, 85 ; v. j 11 

Wallcnstctii, vii. 149 
Wall her (1430^1504), iii, bS; 

V. 97 


Wargentin (lyiy-jjSj), x, 5i6 
WaKelnsde, iv. 71 
Wcfa. 5 <^Wafa 

VTcIseTi VT. 1 J 4 

WbewelH 1794-1866)^X111. 293 
William IV, (Land^ave of 
Hcase) (*331-1593), v. 9T, 
96 ^ ioo. 10;, 106, no 
Wilson (1714-1786)*, xii. 266; 
xtti. ^ 

Woir Mar, XIII. 294 

Well, Ruddir(i8i6-t893), Xttl. 

398 

Wollaston ( 1766 - 181 S), xiii. 

399 

Wren (1632-1733)^ IX. 174, 176 
W'righlt Thomas {1711-17B6), 
XII. 258> 263 

I'Mrjrjf, XUJ, 301 

Yunog, Ibn (?-iooSX III. flO 


Toji Zachp XI. 247 H 
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rt/trtf fhr ck^f!m. Arvtif i<J f*t 
ttrtiitti angiv** uitiitF Bta ^d*ag ike mttmien ^Ikt maii i^p^iaat 
an danaian O'M ikui^ 3 Cft. The ii<i-^J #wi^ ^n 

frinttd M itatiri, 

AbutiruMe^ fiTaaHotJ, J(. alSf mt. 
sSe^ aSJS, 290 

AlmuHCka, utSn; II, ^ ; tn. 


Abemtioo, x. 3C«r im-Sll, 11 a;, 
313, 316^ 2iS; liL 363; HJi, 
*??► 283,284 

Academic Franv»iKt XI, 133, IjS 
Andcmy of Berlin, d. ajcv 3 J 7 
Academy of St. Petersburg; xi- 
23°3 ^33 

Academy of Sciences (of PanH)^ 

X. 33 333 ; lit 339 - 153 , 

25S-257 . _ 

Adulcm^* of Turin. XJ, 2371 258 
Accclentioni vi. 183 ; IS, Ifl, 
173, 173, 179; 'H 195 ^ 

I. 333 

jiff yittfiianfnt Fmb/etfttnM (of 
Kepler), vii. 138 
jttaekivt 5twW (of Dl|[gc5), 
Aldebonut, Mi. 64 ; Xiit, Jl^i* 
Alcxafidnne scbool, ij. 31 , 31-331 

A^fotutitw Tak^a, lit, 6% iS| v, 

AIeoI. Ill, 366 ; xm. JH, 3^5 
Almoffsi (of Ptfilciny 1. It. dS-B; 
in. 55 r S** SS. ^ ^ ^ 

iv. 7 S» 7 ^ *3 

Atmofftsi (of Abu) WaM, in. 60 
Alma^kt, A’*w (of Kc|iJcf>, vii. 

148 

Aimagtal, Nrv (of Riecioll), vhl 

>53 


64. 68; V. 94 ; 95 i ><»: ™- 

X. liiSy J14: *ni. iS^ 

iSS. 390 

AUur, 111. 64; lilt, 316 ** 
Anidysi^ analytital metbodsi i. 

IM; II. 234 

Angles, racasurcment of, 7 
Anciuxl equation, v. Ill; vll. 145 
Anuuat rnotkin of Ihe card*- Str 
^rih; ro^ulion of 
Annual motion of the sun. Ser 
San, motion of 

Annual paraJIax. Sea ParalLai, 
stellar 

AnoiilBr ccU|xle, n, 43 j vtL 145 
Anomalbutic monlb, IL 4*^ 
'JUnxff.:*, iL 14 
Apex of sotaT motion, KM. SoJ 
Aphelion, iV. 85 

Apogee, 11. 3 ^ 44 4$; in, 58, 59 ! 
rv. 85; a. 111; IX. 1041 *t- 

*33 

Apparent diltaivcc, 1. 7 
ApeiJc, Newton’^ n, 170 
Apse, xjHc-lSne, ir. 39 , 40, 4 *J i’'* 
<5; JX. 183; *t. ijs, 236. 242^ 
; jft 

Arabic numerals. III. 64; it. 96 
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Anba, Arab atlrundniy', 11.46^ ^ 3 i 
iiL flMi. H 6^ CS: 1% mo; 
v]it. 159; Ktr. 7f>6 
Arctic rcfiona* ii, 35 
Arctnnit, XiL 358^ 

Aric% first pdEm of (T), *. IS; 

II. 33, 41 s IV. 83 h; V. 98^ 

111 ; X. I9S 

Astm>idsr .Siv Minor jiluets 
Astro-lxbt, n. 49^ lu. 66 
AUno^o^. I. 1 ^ 18 ; ni, 561 t. 

99, loo; viu 136, r4ft 151 
Aitivnomwe Fvttdametttfl (of 
l-BCUlJc)^ I. 7 Z 4 

AsirmvmiiM Ittstaur^iae Mttka- 
it«a{of Tycbci), v. loj 
Atirvnomia* Ittiiaittatit P^ogyiu- 
Haatitaia (of Tycho), V. ICut 
AxtrOnamicil 5«icty, CcnniiTi, 
Xiu. zSo 

AKTononiiciit Society, RoynJ, icii, 
356, 263 

At^fvwkMHe CMUfftnm (of 
AfMJi), y+97 

AiirotKtftiKntaJahfirMeA, xii. 233 
Aslronofry,. divIfelDna ol^ xiji, 371 
AitrXinoiiiy, descriTiUvc, jhil STil, 

373 - 394 

Attronomy, graviUKioEial. *. ISfi; 

MJt 353; 273, 2S6 
AslTtmomy, DbacrvalioOHl, xin. 
372,273 

Aaironoiny, origin of, l. 3 
Astronomy, >CO|fr oJ^ j. 1 
AltractioiL 5 ee Cntvilalaon 
AulutntiAl eqaioOx, r. t], Ste 
«tm Equinox 

Axioms, Set [jiwx of Motion 
Axi* (of in ellipse), XI. 33^ X44, 

Bibylonunx, Childimu 
Bagdid, 111. 56, 37, 60i 68 
Brils d JitpEtcr, ill, ^67 
Bclolgcux, uu ^ 

Bids'* comet, xiii. 30-3 ^ 

Binary stsn. See SUIX, double 
And m ultiplc 


Bodc'i AaMjnomtfchfS Jnhiimek, 
XU. 333 

Bodily tidci^ xiil. 392, 293 
Brigbtncft of stsrs. 5 ^ BtxrSf 
brightness of 
Brcioiu'i Mmot, Jim. 303 
Bnicii, XIII. 394 
Burctia. des Longitudes, XI. 338. 

Coiroj III. 60 

CAlculas of VnrisliiXtiA *1,337 ’I 
CAlcndir, Gtock, il^ 19 , IMI, 31 
Colcndar, Gregorian, ii. ix. 
1 65 H; X. 3 17 

CAkndor, JytLin, ti. SI, 22; Itl, 
68 ■ IV, 73: IV 163 rt: X. 
197 H, 217 

Cxkndsr, MxhoitietAn, hi, 36 
Cilendar, Rornio, il. 21 
Ciliph*, 111. 56, 57. 69 
Conxls of JHxrs; xeii, 297 
CAitcXianiiiiv viu. 163; IV 191, 
195: jp. aim 

Castor, ill. 2tx 264, 266 
CiUlogVrt or stA-rx, 5 h Stir* 
cstslagnca 

Cscmdisb eXprrimeiLt, IL 219 
Colcilixl U.tjludc+ Sit Lxtiludo, 
COivslial 

CeTestisI ]Qn||ititdo, Set Longi- 
ludo, ccicstixl 

Cdcxitsl spbore, i, T, 8, 9-M, 13, 
J 4 f 11. 24, JJt38-41^ AS, AT, 
(I : iti. 64, 67; IV. 7^^ Sov 83, 
G 8 ; V, 98 , 103 ; vu 129 ; vui, 
137; V 198 , 207, 20S, 214 ; xir. 
237; xuj. 372 

Colcstiit sphero, daily luotioa ot 
See l>sily motioO 
CckstiAl spheres, n. 23,26, 27, 38^ 

5 lj^ 34 ; llL 61, 66 j V. 100 ^ 103 

Centro of gratity, ot, i8£ 
Cetitrifogal force, Viii. 158 if 
Ceres, XIJ.1, 276, 294 
Chald acuu (Bshylaruans),, Chsl- 
daesn astrooOiny, 1, 6, 11, 1 3 , 
lS- 16 f u. jgy 34. 4D, 3t, 34; 

151 , 36 
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Chart, pbolewrupW^i 35 ® I 

Chcfliiatry of tbc- avtn, jiiiu StB— 
301 . 303 

Chun«K*JilraiTioinTT *• 1 ^ 

CtiordSj n. 47 »i 

ChromcrtphciT, X. 105 i sm, 30 J^ 
3 P 3 

Clirtmotnclcri X. 

C(<iailar mtilioni ik 35, 36 , l 5 , 51^ 
IV. 76; vit. 139; viu> l£ 3 ; W, 
171-173, Sft Ecccntrfc, 

Epicyda 

CircunipoJar atnra, t- 'B J ii- JS I 
Ctock. Sff Fcniljlum dwk flwrf i 
Chnsnomcter 

Clustering pOW*r, xu. 361. Si* 
also CondonSBlicm of ncLuafRC 
Car/iftM Attslmli (of 

Ucuilk), X, 333 

CoLkienxtiDn orrt'rt X. SJg 
Comets^ I. 1 Ill- 30; U 1 . 63 , ©B; v, 
loo, 103-103: Vi. IS?!, I 39 i vu. 
i.|^i iw: VI ti, tji* 180 , 

193: X, SfiO, 305.3i7t 334; Ki- 
2^8, 231 , 243, 24 St 350) 

1 E^ 3 , 356, 359; *ltl, =?», 

3 ^ au, 307 

Comet, bicla'a, ml. 305 
Cocnct, BnmktX xm. 305 
Cornet, Ejitke’a, im, 39 l 
Comc 4 Halh y'*, vii. I4©; x* 300 , 
305 ; XI, 113 i, 332; XIII. 3 JI, 307 
Comet, Lcxeiris Xi. xiu- 

3 ^? 

Comot, Olberx^Of mi. a?' 

Coiret, Pcnx-EnxAi, iin. 291 
Ccwnct. Tebtotl’a, xm. 305 
Cornel, Tuttlda, KUU 291 

Co/Mf^:gni/titia (ol HcVcl), VHJ. 

Cotnntirtl^nft 0,1 thf Moffeitt of 
M<trs(p( KcptTr), vu. 135 m, £ 39^ 
141 , c^" 

ComiMMtariofui [ofCoppemiCkUi}. 
jv. 37 ; V. 100 

Carn/Jfat JTyii'rw* 0/ Ofhn ^of 
Smith), XII. 351 
Complcte '** *95 


Condensation, of ncbulao, xt.XfOJ 
XII^u6l ; xm. 31S 
Conic, rtnlr seclion, VtL 140 n ; 

mi. 309 .1 

Conjiuneiiaa, 11 . 43, ■iS'tJ iiloo; 

V, 1 14 111 : X. 32 J 
Conaervation of energ^^ xm. 319 
C-OBStiot ofxbtrrxtionii X 20 ^ 2 lO^ 

I.i]E. XIS3 H 

Con-iiellition^ I* 1^ 13: Ii. ap] 

0«, 34, 43 f X. saa 

Construction of the hcx^x&X, xii. 
357^ Sii oitio Sidlcifoxl Byjt^N, 
fitrueture of 

Coronx, VII. 145: X. 303 f WIIh 

301 , 303 

CoMBtor-curi ii, M- 24 
Crmpc-rinft, xii. 267 J Xiti+ 295 
CrxtoTs [dh the moon), viii. i^j; 
xiii. 296 

Ci^rvaturc of t-tve nrlh. 

Earth, jhniic of 

Dxlly Uotion (of the ccleatinl: 
EpbereX K $, B, 8, 10: tl. aj, M, 
a©, 3 i 30 i 4 ®^ 47 i fL 67- 
6 &; IV. 7 S, 10,83: V* 9», '® 5 ; 

VI, Ijg ; viti. tJJ 

D'Alemlwrt’s primnple, XI. 232, 

lifii 

DxmaxCua, hl 57 
Gitrfijp*»j: (of hixiHeo), xiii. aS© 
Day, t, 4, il« Ifil iJ- 47 i ^^^ 7 , 
a 93 » 3 “. ^ 
tJay^and^meht, r. lojf 
pxv-hour, I. lO 

DccUnxtion, n, 33 , J 5 i > il- »* 3 t 
:n8: xjii, ^6 
DccUn.xtlnn eircicr H. 33 
Dt CmIo [of Adaloaef, tl. 17 
Deductive mcthodi, iPivmie, iX. 

193 

Deferent, u. 30 , 48, 51 ; m. 68; 

I IV. 86, »7 

Deprert i- 7 
I fleinKie., xm, 295 

' Pf (of Citbot), VII, 

*5= 
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D* Maht (of Ntviion), is. t 77 , 
i^t 

J 3 t Mmvfi vthfrn (of Tyiho}» 

V. 104 

Dt VVotm Sath (of TytrboJ, v, ioq 
Dt RtveiHtioai&HS (of Coppcmi^ 
ca*)H u. 41 j iv. 7 *- 63 ; v. 

94; VI. u6 

De Sahtrm Lvna (of Elu^g^a), 

VIET. 

Deacripllvo altnmocny, Xiii. 
273.394 

I}<:vj 4 Cian rrror, x. 333 xr 
Diatoi^t OMi ths Two Cititf 
U^ia {of GxlitoL), Vx. 1 34 n, 
123-132, 1^3 

Dlflcrcnlkl imcthod of pxnllaT^ 
VE. l£d; HE. 2&3; xiHr 
DlfFmctjoTi-graliiij^ lun. 399 
DioEif,. VJLL |6a 
Diaptrite (of Kcptor), vil 13S 
Dirc<rt mEKEEUi, i, 14 
Dixturbrng llbiTc. Stt Pcrtarba- 
tioni 

Diuriul method of pafxUaic, XU I. 
3^4 

Doetiine of the Bpbert. Sn 
Spherfea 

Doppitf’s priEicipIc^ mi, 302 , 

313*314 

Doqbk hour, I. 

Doublc-aiAr metlvod of pinllas. 
Sft DifTcrcntiiJ method of 
pxnlUji 

Double nUrsL. Stsw^ double 
uid multiple 

Drxcvnitic a>onLb, ii. 40, 43 
DurtbotufUrHHff, iiii. 3S0 
Dynamics, VI. 13J 134; ix, jjj, 
llio^ XL 330^ 33J, zjj 
JfynatttufHf, Tnoif Jt (ofD^Almn^ 
bert), XT. 333 

Exrth, j. I, 15, 17; jt 381 , 29. 33, 
39, 4i( 43, 47. 49. S' i 

093 IV. JiiiH 86; vtr 117, IS*, 
133: iriJ. Ij6 », 144, 145, 150; 
VEXE. I S3*'S4: IK. *73*'74, 1 79' 


lS 3 ^ 1S4, 193 h Kl 3 X^ 

345 * ^s- ®^7 p 29*. 29J1 

397,330. 5ivi*i»t±uj;£QllcM«inE 

Earth, dc^!^t5^ nuttuof, ix. 
l« 5 * jS 9 J X. 219 ; XI. 235; 
xju, 2S3, 294 

Earth, ihoClon of, iL 24, 33, 47; 

IV. 7^ 76 ^ 77; V. 96v 97. 1™ : 
vr. III,. 135-137,139-132; viu. 
161, 162; tx. [94; sti. 2S7* 
Sernfso^rtfa, rcVOlatiOAofiiJt^ 
rotAtion ol 

EkrtlurcioilutEon of,anniiAl orotion 
of. tl. 23, 34, 2S 30 , 47 : rv. 74 ^ 
77 ^ 70 .* 2 L 36 -BB, S9, 90^ 03 ; v, 
II1; VL L19,136, 139 , 131,133 ; 
vij. im ij^Xj 146 ; vEir. l6l; 11. 
172^ 1S3; X. S07.-310, 713 ,327; 
11.235» 236,14a; XII. 363; xiii. 
^278^ 28.3, 383 

Exrth, rigidity of, xui. 285, sga 
Earth, rotation of, daily maiian 
of, ri. 33, 34. sS JE; IV. 7S, 79, 
79 H, 90, 84 ; v, lOfi ; VT. 1x4, 
J36t 119, 130; EJL t74. t94* 
x. 306, 307, 2iJ; xitL 281, 2S5, 
297, 33a 

Earth, shape of, il. 33, 33, 96, 
46 , 47 , 54; IV, 76; ^iiE. 191 ; 
EX. 167 , iS^i X. 19^ 213, 2 tSi 
ZIQ, 331 , 3x2, 23 J; XL 239^ 131 , 
237 « *48 

Earth, aixe of, IL 39 , 41, 4S, 47 * 

49; S7. ^: w. Sj e vh. 145 ; 

VUi. Iw, t6l ; IX. 173, 174: K. 
231 , 2X2, 333 
Earth, zoacs ol^ ii. 96 , 47 
Earihxhinr, lit. 69 
Easter, rate for Oxlitf*, jl 30 
Eccentric, it. 37, 39 , 40 , 4! 49 , 
Bl; ixi, 59; IV, 99 , 89 Bl; viL 

'^ 9 , 150 

Ececntricitj', u. 39; jV. 85 ; vta, 
140 n; XE. 338, 3361 ^ 4 ^ *-l 4 ~ 
346v 230; Jtiu. 2^4*3*^ 
Ecetotridty fund, XI. 545 
ExHpses, 1. It, ij, 17 ; 11. 3 ^ 32, 
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40 - 4 J, 4S, 47-49t 54 : 57. 

6 S: iv.;*, sj; V. no; VI. nr: 
vu, 145. 14 ®. VMl- l6il I.. 201 1 
3og» 210, ai6, 227; Hr 
XIII. 287, joi 

Ectip»«s, ■nniilin'i 11+v«, 14S 
E^tiftsfs, p^rtiBl, H+ -tj 

Cclip•e^ IdUU 11. 43 i Vlt- 145; 

I. aog ^ nil. 501 
EclipUc. L 11 , 13. 14: II- 
jc, 31 ^ jS^ M 4^ 51 ; pi- 5 ^ 
39 ^ 6 S J iv, 8 ^ Si'-S4. ^r. ^ f 
v+ in; VIII. 154 f s- 
11^ 3 li|, J37 ; H. 235* ^ 44 > 

EclipltOj obliciiiTty * 7 . i- H j ii- 
35, 36, 42; 111+ 59 r 1'^+ ** 3 ‘ 

^ s*: 11+ sjSh 536 
^colc NornuilCr:“+ ^57. ^3* 

Ecole Poljrt«:hniqMe, n- ^J 7 

Eg^-plian »alreT«Mi»y+ 

I. lit "■ ^iJ^ ^ 

iff + IV4. y ^ 

(of Eudid). uu 6 it 66 ; 

ElciTienU (of »" oTbiit)'j 21 . 230, 
34D, 242. 244+ 246: *.111- ^ 75 * 

» 7 & - 

ElornentJS vartalion of. ^ 
VAnniOA of cSeniBoui 
Ellipwv II. 51 “: i'^' ^ 

141; 131 . 175. 17*- ^ 

MOi aOqi, 2141 It. 22^ 236, 242. 
344 7 Xltl- 2 ?^^ 5781 3^®9 
Elliptidly. K. 221 
Einply monlbr It. Iv, 3 d 
E mpyrewii nt- ^ 

EnceladuiK ^n. ^55 

Encke'» «MOel+nil-39 1 
Encydopoedlmtlic Prtivch, n- 

EncrfJMiU. 319 

EpbcciKriOML Sw Aliivttiiftcka 

(orR^omaoHnm), 

111. 6 S „ 

Eptcvck. II. 37 . S8. 41. 4^ ^ 
ai, 54! Ill- ® 

91 , VII. *39 163: u- 

17O1 194 


fynWf fof Kcpitr), ui. 133 : '■■"■ 

144, 145 

EfiiAnnf (of Purl»ch>t HL ^ 
Equint, It 51 J lit. 6^ I I'l- “Sh 89- 
91; VII. 139» ISO 
Equition of tile centre, tt 3 B, 44, 
ni. 607 V. Ill 

Equitor, I. 8+ lti, Ilf 11+ 31 32 ' 
la 42; IV. 82. S4 ; V. 9S; vl. 
fTMjj: n. 187: K- 207.231^ 
3Jii mil. 283 

Eq.uitOJ'd molEiW of. See Pi-ccnt^- 

. , * 

EUiuinoctiil poiols^ I- 11 , *3 f n-^ 

42. ll/so Anca, fii^fKiint of 

EqxjinoxtSj I. ll : 11 . 39 t 
Equinoica, prciJcasion of. See 
Preceasioft 

Ijp 5 BCC)h 

XIr 238 

Ether, JUIL igi ^ 

Ev^niofi, 11, 48 ), 52; III. 60; tv. 

83 2 V. J11 7 VTI. 145 ^ , 

Ev«iiinE t. t+ ^ 

Veivaa . . t 

gj^siam da Sjffieine rfM .VojV* 
tof Lip 4 » 0 = 3 .21. 338 , 24^ rJv 2 » 

Fecvlnc, viu. IW 7 itit. 3 ^ 3 *'- 

Fifpire of the eirtli. Str Esjlli', 
ahepo of 

Finuiornt, rip “ , „ „ ^ 

Ftirt ptMnt of Anci^ Uhre. Ste 

Arirt, Ubrtt firtl pfini 

Hsed Blxrst 1.14- 

FluiiOiw. m l&gv igi ! *■ 
F 7 tci 7 dr»(of Mducleurtn)* m. S 5 * 
Foeuv. viL l-W, 141 : II. 175: *!■ 
136' 

Far«,vi+ 130: K. 1 W>. 1 ^ 
Fniiinhofer line*;, nt!. 8®®' 800 . 
J03, 404 , * 

FrtJltt-i^B'V conStroCtion. Sof 

UEjrachclixn lekocop** 

FuH month, n. W. » 

Full Trtoon, See Moon, ptuart of 

I fWflwit/a (ofHansen), *uM86 
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/VwtSffAwiTifa Asifintwnistt (^ 

Bcwl}„x. 3lS: XIII. ^ 

Fonda ef GCtiel 3 tririE.yp iflcliniitkrnp 

XI. US 

Galxctic clrrlc, xil 35 $, 3 &tl 
GaUity. Sr/ Milky Wiy 
Gxu^ip Eoueing^. Sii Stur- 
exupny 

Geoff^ura SiduK Sft Umndn 
CrnvitatidT!, gravity. It ,tS a ; vii. 
tjo; vin. i|S. icil ^ ULjAiusMfi ii 

X. 196, 20 T, 313, 31:5, 319, 

333, 326; XI. ptuat’M} XU. 364; 

Xin. 3 ^ 3S4, 33^793. 309,319 

CnvitAtionxI oit/oi^oEQy, x. IM; 

Xlii. 373, 373, 2lt6 
Gnvityp vui^tiitiEi ct^ viii. Ifll ; 

IX. 1 ^; X. 1:99, 317, I 3 lp 333; 

XI. 231 

Gr«iit Fkftfp L IS E XU. 364 

GtcmE' dnldp 1. 11 i 11. 33. 43 ; iv- 

$ip S4 

Grcgarixn Calendar. Cal¬ 

endar, Grcgoruin 
Giindjtonc thrary, xu. 23 S i xiii, 

3 *? 

Hak^ntiir TttbUt, ni. m ,63 
Haltcy'a coniet, tu. 146; i. 290, 
305; XI. SK, 132 J XiTi. 291 p 

JicrrHtittiei (of Snitli>, Xu. 231 
IIvmHm^edtkt 4 'orA/(orKeplGir), 
VIC. 144 

Helium^ xui. 301 
Hcrachelian tGlnca|>Cp xu. 255, 
356 

Hiit 0 n 3 Cotksia (of HxinatcGd Jp 

X. I 9 S 

Holy OBice. S*t Inquisition 
Horiion, I. 3, 9: It 39^ 33 , 35, 39^ 
46 ; vilt. ] 6 i; XU]. ZH 5 
HonMcopeXr v. 99 
Hour, I. l 4 

HydroaUtic baUnCv. VI. 1 15 « * 
H3rpcrbale, n. l^Q; xi. 336 jt 
Hyperioa, xiu. 293 


liihaniir 7 VtM?, 111. 62 
//SassjoAitrr (of Galiki), vx 127 
liielinetionp ur. 5S; iv. £9; Xl. 

3 ^. 345, 346, 3^0; xuL 

IndJnxtion fund, XI. X45 
IfVirx iff Prbiiihfixd Sdoklf VT. t 36 , 
l«; Til. 143 

Indlxnh Indian tutrtiaQfl!|.y, 1.6; 

lu. 56.64 

Induction, Cotii|> 1 rlCr IX. 19$ 
Inequalities, locijf;, xi. I43 
IncquxEitics, perUidiCp XI. 

143 , US, U 7 

iDcqualilics, sccotar, il. 343 . 
143-347: J«U. iSa- Sft 
Pertuf^tions 
J ncquxtlty, paTxUactk, XU L 
Inferior ^xtiels, x lA : rr. £7, 3 S. 

Stt aim Mcmiry, V^nnJ 
IttqnlaliLoh 4 Holy Ciiljcej, ti. 116, 
I ja, 133 

rnftilnteofFfflncv, xi, 341 
Inverse deductive nictliod, IX. 10 $ 
Inverse square, t«%v of, IX, ITx- 

iTfl, Ifll, 19$; xt. 233, Sf* r/H 
Grxvilation 
Ionian hcIhkiI;, H. 5 J 

Irii, XIII iSl 

Iirfa 4 LnUon, VI. 119 

Island universe theory, xU, 300 ; 

xui. 317 


JapelLis, Vlil. 16c:; XII. 367; XIII. 

397 

Julian CatendxLT. St* Calendar, 
Julian 

Jnno^ XUI. 294 

Jupiter, I. 14-16 ; II. 3 $, 51; rv. 
fcl, S7, BS; V. 9 fl, 99 : VI. 111 . 

137 ? ''il- ij* M 3 p 144, 145. 
ijo; Tin. 1J4, 156, ifrl; IX. 
173, iSip 183. iB3-t87; x. iOf 
atC: xt. llf^, 331, 2^ 33^ 
343-343, l4fi| XII. 2OT; XIII. 
381, 294, 207 , 305. St* 

aiso the fallo^ng headinga 
J OpiEcr, belts of, ill. 267 
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Jupltern itiaaawft iSj’ 

Jupiter^ rtit»llon of, viii IBO; 

I3L, iSjj uii- 3 (rr 
ItipitCf, intelUtem of, II. 45 ! '^■ 
lii, lar. i29j iiit viL 
lin; THU tw^ ' 7 ^ 

iBj, 1^5; i. £15 
*aa; luu 76 ^ 7 1 xiiu 3 » 3 * 

397 , 

jaltUSlfiS, mas* of, XU 

KfpT^r'a L*wai Vll. 141, IH 145 , 
151 f imi. 1531 IX. i& 9 f iJ^ 

,75,176, ^S^ 194, 1951 ^^^' 

11.144: ititl. : 194 , 3 ^ 

Liitiludc (cclrttiil), n. £ 5 , 4 
43; III. 63 J IV* S9 
L 4 ifUudo tt^nfc!Hrijij)i ul 63^ 09 ? 
rv. 73: X, asi: "II*- 

LfitUudo, variation ot 1111.305 
Law* of ^vimiion. S*t Gr»w- 

Lawa of umllon, vl. 130, IM; 
Tilt. 151, ^ 7 '* 179 ’ 

111, 1S3. t S6, * 9 +‘ 9 S; **' * 3 ^ 

Lcap-J'tar, I. 17 J it. *1 ► 7-3 
Lcut aqoarca, xxn. * 7 *, *7^ 

Ijfirr to ihf CtFit^td Z>Me 6 ^M (of 
Galilei), VL 135 
Level error, IL ST-S ** 

Leacll'a comeE, lu 340 ± 3^5 

Pbra. Brat point of (A), *-tu 

Ub^ioiw of itic mo™. VI. 133 *, 
I. 356 ; M. EST, 339 
/jflrw dftSitAfr, HU M 
U*hl-«iualioin, iiH- “3 . 
liaht, motion of, velocity of. 
Tin. lea E S- 3 CiS-Xi I, itfi, SWJ 

III]. 37a, 179, £». ^ 

itito Aberration 

Logaritfama v* 9 ^ 07 " 

Lonr ine^oalitiea, XU 143 
Lonritodc frtlnriialj, tl* 33 . 3 ^ 

43^ 43* tiu ^3 i tv. S? J vu. 139 


Loncitnde (teroeatrial!), tu. -iSS i 
vu 127 . I 3 J , vti* Ijo; X, i 97 i 
216,E 3 B 

LoOgitiHlea, Burtau tfe^ "i- 

33^ 

LuTtar diiiancea, UU 6S n 
Lunar eelipoca Sw Eclipse* 

Lunar eejnatinnp iiii. 1?3 
Lunar theory, u. 41 , 5 * ! \ ' * 

VII, 145; Till. 136 E •*- *92 r 

X. 2£B ; XU 229, 33°i 33’> 
m M*, «L 142. 24* E 3tH 
EfSa. 290 , 287 , llsS. 39OL Sw 
ai^ai Idnon, motion njf 
LuiuiLot], It, 49. 5nf «/» ^locilh, 
ayntidio 

JfardtiV SoAm' tr>f GaJflci), V. 124 , 
LI5 

Htagellanlc ciouda, xnu 307 
Ma^etbin,viU ijo; xni-2™ 
0^gnintdtt <rwf £>uJ5a>i«* o^ w* 
,5mi, sfirf Jfoiirt (of Arislaixhua)* 

lU 32 

IfBBnitudem of atara, u* 4I; in. 

3664 XII. a8c(. 3 '^ ^ 

Sunn, briKhlncaa of 
Mars,!. i 4 -* 9 : iu 35 , 30 , JO, S'> 

til. 65 ; IV* Si, v. loS; 

\n, 1x9* vir. t j 6 «, 139-142, t 44 , 
143; V«U * 54 , ‘91 S 
iSj, 185 ? ju 133 .217; "t. 23s* 

: 245 ; JLIJ, 267 J SlU. 3S*1 aS 3 , 

2S4, 194, 195, 2 S 7 . Sff «1» 

I the fcdiowln^r tnsadinipi 

Mam, canal* of, uU. 397 
Man, mas* of, *1* 

H Br», oppoeition of, vnu l&l; nn- 

aai, 3K4. 297 , ^ 

Mat*, rotation of, vin. too; lut* 

395.297 , 

Rfarar aatelHte* of* uU. 395 

tlaxB, SX, 119 , iflt, 183 

Maasoftbe tarth, aun, Venui... * 
Sff Earth, San, Vemu,,.. tnasa 

of . * . 

JfHsap’^ir jlMafyUfU: t®* •-*" 

franco). lu 337 
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JAtqpiFfM# CfifSie {of LiIpIrCc)k 

II, 2 M, J4I^ 147, 34% 

Klllr sgz 

McdEcciin PIibcLl St 4 JupEtor, 
Htellites of 
Mcngif lu. ^2 

Mercury, I. 14^16 1 II- 2 J|, 36 f 45 i 
47. SI; iJt, 66; rv^ 73, 75, Bit 
36-S9; vj. Ill, 114 jvn, 136 M, 

130', 14?. 144;: VL Iii5;: Xlllr 3 BS, 

390^ 394, dber Ihc 

followiiiE hcntliTieB 
VcfccicyT masi Df,xir J+ii 
Mercurvi pliun of ^ ■ 39 
Merrury. rMation of, XIII, 597 
Mercury, tnumii of, x, 199 
McridSm, H- 39: SK 

117: vm. 157: my, iiS, 211 
Jl/ettorvlqgvit (of AristcrtJtX ^7 
Meteura, xnr, JOj 
Mctun'i cycle, u, 20 
Melrk: syitemt XI. 3.]7 
Mirrorectof, vin. IM; XIII. 179, 
3 St 

Milky Wa.y, 11. 20 v 33 ! 

III. SM, 3 Wf-SSJI; xui. Sit 
Mi[U 84 , XII. 25s 

Minor planm, XI. ?$□»; iiu. 
17&, xSi, 2S4, lS8, 5 * 4 , 295, 
297, 318 

Minor plxncla, af XIll. 294 
Minute (angle), I. 7 
Mira, Xll.^ vl66 

Mougolz, Mongol Mlronoiny, iii, 
62 

Monfh, 1.4, 16; iL 19-X It 4^ 4 ^; 
IX. 173! xt, 240; 393 t 33 t>- 

See alM Ibc following Keadi ngo 
Month, HTionuiliacjc, ri. 40 
Month, dneonitie, 11. 40 , 43 
Monib, emply, IL. 19 , 2d 
Monlb, full, iL 19 , 20 
Month, luDir, I. 19 ; 11.19, 2a, 4a 
Monih, sidereal, 11,40 
Month, aytiodic, il M. 43 
Moon, I. I, 4, 5, 11, 13-16; II, 
19-il, aj, 3 % ^ p, 2 % i 
111 . 68 ^ 69; IV. Gi, «6; v. 104, 


10^ fi; VI. 110, ixt, 1x3, 1x9, 
130. '33 ^ VII. t 4 S, 1 S&: viu* 
163 ; IX. 169, tSo, iGi, iSJS, 189; 

I. 19S, X04, 513, aij, *1. 
xx8, 23S : XU. X3^ Btl ; 
Hit. 27^ 192, *93, SSflv 397, 
301, jjq, sbo the followEng 
hCddinitx 

Moon, rnipoLnror apparent tii6 of, 

II. ja, 41 , 43, 4611, 48; IV, 73, 
35, 90; V. lOSFf 

Muon, Apparent flattening of, n. 
4 * , , 

Ktoon, fl.tnir04iphfirc of, Xltl. 390 
Muon, diBtuico of, I. ij; 24 i 

ij, m Sa, 41 , 43, 45,4^ 48 , Sij 
IV. Sj,90i V, KB, 103; II- 173 
1B5: X. X23; xur. 293, 3» 
Mcxm, eclipao rrf. Set Eclipses 
lioon, lifantions of VI. lS 3 j X- 
X26; Xt. aST, 239 
Moon, map of, X. xill. 

296 

Mcvo, masia of, IX. [ 83 i 189 


XI. 235 

Moon, iflolioD o^ L 4 , G, 13, i 5 p 
ry; iL SD, 34-36, aSv 37, Jp, 
40 , 43, 47, 4 S, 51 i 'V. 

73, Si, 8s, 89, 90; V. m f VI. 
133: Vil. 14 S, iJD; via. 150 : 
IX. 16* 173, 174 . t 79 , 1 B 4 , 1G5, 
tfip, 194, 19s; X. »1, 204,3 i 3 t 
JHKi; XI, X3S, 237t 248 i xui. 387, 
agov 297, 320. Str mbn Lunar 
theory 

Mooti, origin of, XJtl. 33 D 
Moon, parallax of ii, 43 , 49 ; rV. 

S5. Cf- <tbt» Moon, diitonce of 
Mooa, phases of, i. 4 ^ 1 6, 17; ir. 
19, 20, 33, Sa, 43, 48 ; 111- 6S, 

69; VI. t23 

Moon, rotation, of, x- 326 f XI. 24S ii 
^tl. 367; KiiL 297 

Moon, ohipe of U, 23, 3 ^ 4 " r 
VJ, 119: XL 237 
Moon, siie of it. 39 , 41 i tV- vs 
Moon, UhTea of Set Ta.bles, 
Iwmr 
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[KainaHjigiirrijt/rr^tti iiu fJrnfi^ffs^ Ambtc io iJu orii^/ri,] 


Moon^i. Stt 

Moniing ttar^ I. (h^ Sff also 
Vcrttts 

Afarocco^ 6l 

Mtitlouj Imwi ot Stt Liw» oT 

motion 

Multi pic flitiurt, St€ Stara, double 
utd rmiltipic 

Mura.1 quad rnnl, l 21S, rt 

Music ^ the apbcfca. Hr»; viu 
[44 

.Vvsirriuin CostttograJthii^M (P^ 
"Kepler), V. lo«j: VIL ijfif 144 

Nadir, in. 64 

JVanliiJtf ^rcAEmonac, 

Nautical 

Nebula in Arguis xnu 307 
Nebula in Orion, xn. 252, sj?. 

a6o: xin. 31 ' 

Nebulae, X si. 

»5,3 3 e6, BW-Ml ; sni, 309 - 
SdO. MO, Ml. SIT, 813. 319- 3^0 

Nebulae, spiral, saiL 3 ^° 

Nebular hypolbeais si. 340 J suu 

3 lS^ 53 P 

Nebulotis atara, x 223 j* xit. 260, 

26r 

Neptune, liin, SiO. “qj, BOT 

Neptune, saleltite of, itin. 255 
AW Almp^t (of Kepler), vii. 

‘ 4 £ 

AVip Abmtgtfl (of Ricooli), viii. 

New^moun. Sir Hoon, pbaata of 
New star*. Stt Stars, new 
New Stjlc (N 5 ,), 11. ax Sa 
fAso Cakndar, CncEonau 
Newton's proWeui, su S 3 fl. 225, 
245 

Newtonian telescope, IX IM f 

lui. asx 253. sSfi 

Nlsbt'bcur, L 16 
N<Se,ii.40, 

K, 313 , 214 ! *1^ ^ 
Nubcculae, Mli. JO? 

NudeiM a cotnet), siiL. 304 
NOrnbeff seboedt HI- 1 ® i tv. 7 J 


Nutatlan, X. 20^ »?, 

alfi.llSiu. 3J2, 14»;XII, afij 
1. i^if 


Stt 


Oberern, siE. ijS 
Obltquitv of the cdiptiO. 

Ecliptic, obliquity of 
Qbaervationat astronomy, sin. 

Oceultatim^ 1. J 6 ! «■ 3 ® 
Octaetcris, It. 15 
□Ibers's carnet, sin. 25 < ^ 

Otd J/tyort'* AftKorurdr, i. tS M 
Old Style (O.S.)* Set Calcndsr, 

JfllUEl 

Oppoliitionp It. 4^ 4® ^* a- ™' 

IV. S7. SS; V. Ill I VTJI. iGi; 

]citi. 3 St, 2 ^a 57 

OpCMMition ®f Mars, Till. IM 

sill. 2*1, 184, 257 
Optical doubtfi star*, sll. 3*4 

Otiwt (of GregoryX 
c5frBii»iaf Newtort), li. t53 
Oifpt* (of l*iole«iyX n- 4^ 

Ofiiita (of Smith), XII, 25 1 

MtfrjHi, dfMfua, r^rbw"' 
(of BacunX m. 67 
O/Hiicula AffllA/WnrnyNvM 
PALcrabcrl), XI. 3 ^ 

Oricti, nebula in, su. 3^2,, 3 $^ 

260; XIII, 3 tl . 

fiiinAe)gwtti (Of 
Huygens), vul. 16 ® ; is. I?! 

I^Uaa, XIII. 294 

Ranibola, ix. IM; xi. 336 h! 
xm. 176 

f^arallartk: inequality, Xlll. 2S3 
Parallax, IS 43 , 4 *; it. £5, 93 ! 

V. 9*; too, 1 to j vir 129 1 Til. 
1451 wnu 141 ; s. 307, 313 , 
aai 31 ?: xn 2 S 7 i =* 3 t 
3641 xiii- x 7 X 3 ?^ a 75 S^<- 
aS^ 

Pirallas, annuaX VIIl 161. Set 
oiso rarallas, stellar 
Paraliss, hftrlzQnlaX vni. ibl 

z8 


(Of 
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rfjVr Aj th* Ai^i^ fhr ortfcUs.] 


Stt Afoon , 


S<* SuDp 


p^arallu df Mic 
paraKu of 
P^nllU of Bit!!!.' 

pamniLi af 

l**jallii3(, iliillar. t.v, Mj v. lOO j 
tT. 129 l viii, Lfll S *. =07. * 1 “ > 
WI. a57T 163* i 64 : 

l 7 l, 2 TI, 2 rra 

I^jironclasmiQ of fowa, ts. im w 
FnrBinettra, vnrialJon of, 

Srt x/w of tlcmcFvtj 

nxjHvih'^^ ™ 

Pa^itl cclipotv 43 
Penduluflfi^ peiwiMlLini clock, v* 
BS; v^^ IH; >ui- UiTp 15®^ 
ICl; ix. 180, 1S7 : ^ I 99 r ^i 7 p 

J 3 lp 333 s 

Gniviiy, vBiriatiwi of 

Cloti (of IIoyeenB). 

Tiu. l-IiH ; iX. 17! 

Pcoumbrx (of * siin-spol), vi. 
1 S 4 ; XII, afiS 

I'erigcc, n, 39, 4 ^ ^ 8 ! iv^ 

Sff ofoo Ap*Ci apae-lioc 
PcrihelicH^ iv^ Sa ; XL =31, Sa 
also Ap»c, ipBC-line 
Pcriodfc incqtuUlicx, Set In- 
cqiuditleii, pcftodk 
Pcriocbaliona, vilt. I56]. DL 195 , 
164 ; X. 200 , 304 t 224, 327; 
pouijit; xMi, iS 3 , aw, 197 
PhiMX of the moon- See Moon, 
phuCB of 

PAntonttwa {of Eaoli!l)i ii» 33 
Phobos, Kill, 

Pbolo^pbyp xiil, 37+, 379-381, 

194. 298, 399. 3°'p 3^^ p 

FfaolonKtryp xin. juft. See also 
Srtorsp hrigbtiicS!) of 
Ptmioft^Gro, jcui-SSS; xiu. 
Pbrticil double aUrOp HI. 304. 
5 « also StXrtpdcMiblcinil MOl- 
tipic 

rUfictxry txblc 3 - Set TablcB, 
pUneUry 

PUoetxry ihcory,^ tl. 51, 53. 54; 
liL 68; IV. 86^; xi, ss^ 3 jra, 


24S; Xiil, 386, 288 - 280 , 295. 
SeeaUo PIxtsetjp motion of 
Planeti, 1. 1 3, H 15 - 3 * J 't- 

37 p 30 p 3 ^- I' i ®' ■ 

V. lOJii io 5 p 

121: vit. 136, ! 44 : "■'HI- 

155 : X. 300 ; XI. 33S. 250; XII 

253. 255- H 7 y - - 7 J ’ 

273, 27 s, 2761 ablp 282, 394- 
396. 281 , ilSv 33a See 
tl!0 following heiUlingB, the 
Bcvetal planet.-) M cmiry, V'cnL^^ 

CtCi ili.« 

PUiactfi, dlacffM'crfc^ off MU 35^ 
354 p 2 js,j 367: xui. 2 S£l, S 94 , 
» 9 Sr 3 'S 

FIxncUp disumce* of i. iS! 3 ^^i 

51; IV. 81, Sbf S7;'"I. ii 7 f 

vji. 136^ 144 ^ 

PtancU, inEcrioiTp i. iS; tV. o 7 - 
Set also Wcrcury, Venux 
Plxncta, jiiMBCx 0 l& ix. I 
i4S, 24S; JJH, 394. St* <*f» 
imdcr the several planeti 
PlxoctSp jninor. See allinor ptaiui^ 
Pljmeta, motion of, k !> 14 ^ ^ 

U. 2 J- 25 P 

81 , ja i m. 6ip 68; iv, 81 , 6*- 
90 , 93 : V* iMt tai. IM, 1121 
VL iig^ 131 , 119; vit. ISfl l-W. 
iH 14S, ija 151; 

156; IX. 1^,110, ITt-lIT, 19 lp 
183 , 194 j X. 199, 204: 

329; 245, 2fifl ," XltL 275, 276, 
283, 294. See also Pljmctafy 
Iheory 

PliiietSi, roti-tion of, Vtli- ! i 2 - 
1S7 ; It, 33Sp 350; ilL 267; 
ITIL SffT 

PluicU, sBtcIlltn St* 

Sat^ltics 

pknets, itsuionxry ptHnta n-t >- 
14 ; 11,51: rt'. 8® 

Planets,superior, t, 18 ; nf. 87, 58 . 

^ ttlto Mara, Jupiter, etc* 
Ffctades, vi, iso; iii. 360 
Pules (of a lyext drcle)i > 1 - 
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Poles {of Ihc cclMlial vphm), l. 
8,9y lo: It J3,3SJ IV. 7|: vt 
l>5; s. K*7* ^l4t “5 ^ 
Polrt (of the e»rtlv)i, IV. 8j E i*- 
lS7 : X* 22 a, Til; nil. 2*5 
Polc-atir, T* 8> 9 
l><JIUKi. XIT. 

Pons-BrooliB wmet, JJit 39* 
FoStulntes (ofPtofcini). V 
Poatulatei (of Cop^K^»™^)^ ”'■ 
76 

Prncsepc, JJi. . 

(cf tho enuinoxcs). 

It 42, $0; ail- 5*. 

IV. 73>Sia4, S5J V. 104, 111; 
vt ll^J I*. IflA 19IJ ^ su¬ 
ite, iiS, 121; at-t ^s8, 3S3i 
146; xin. *77) ^ 

PrfPPriT /Jarratio (of Rhcllciw)^ 
IV. 74; V. 9+ 

PriRiqm Mobile, m. M 

(of tleKartes)^ vnl. loj 
PWho^'o (of rfcwlon), IV.7 5 E vi] I. 

1&4.1T7-1M, 195;*^ 
196^ 199. loot *>3i “9,1J4- 

0/ («r 

PcKjittrs), viil. 163 
Prei*it/py^ TWir 
ififj (of ljipl"t«)i c 

Problem of ibree bodie*. ^ 
Three bodies, problem ^ 
P/tK/«)rtiW3 Cpmt/iM (of HcvelJ, 

vni. i?'! 

PropioeSJes, Hit 301, 3^3 

proper mertion *' 

iJsjiti, 257,066;nut 17^^ 

ptrcHuicuBiSk n-43; 

Pnaiian tahUs, v. W. 96 , 97p 
99; 1,11. IJ9 

pythoforesoB, *+? 75 

Quidr«t. V 99i *. SS5 - 

QuwJretoreplL «; 1"^ toiv.lll 
Quidriviiimt Hi) ®5 

fUehfTtkn MtiF rfp/f^t 
P’AlcinbertX *55 


^rtA/rr^^J *«'' 7fl /iriwisiort (of 
IVMoinbert), Ki-ilS , 

R«lueUon of pbocnaotionr. i* 
t9a, 016; Knt 577 
ReaccHnj^ te3e*eclpeS^ ts. IM; 
Ktn^r-aii 

HefrmCtinE IdescilpM, 1*. 

iVe itivi Tcliracopea 
RefraCtfOD, at 4fi; Ht bS; v.^, 
liOj vn. 136; viit l|^ loo; 

1. 017,11 Si, =23; Jt™. 877 
Relative motion, priadple 01, 
iv. 77; iS6 rt 
Renaiisaiiee, iv, 70 
Himtis of ^itfonoittiaii Ql^trm- 
iitHti (a( John Herschcl), sni. 

Retro^padc molfon, h >4 
Kcvenuig alrmlinfl, lilt 3^3^ 
Reviews of the hcavena, xit 251, 

Revival of Ledrfiiinr, rv, 70 
Rhea, vlti.^ 160 

Rigel, in. b4 . ^, 

Kijlil Racensuin, it aa, 39, a. 
19$, 21S; am. 37b 

RmB,K3iL29& 

Hinpfi of Sjettiim- Spv Sttlofm, 
rings of . 

RoMliati e7 the celealial sphere. 
Daily mation 

RotAtioD of thfl eerui, »vn, WeTs, 
etc. St¥ Earth. Son, Mar*, 
etc., rotation a*'' 

Royal AatronOPicBl Society, ire 
X^EronOEnieil S«ie^r 
Royal Soefciy.12. 1™, !«+ 1771 
ml. 19a; a. Urtp vxi, ac*. JOdJ 
xit ast 3S.6, r59f »bj; mt 
*93p 5™ 

fluJjftfikiuF TeWri, V. 94; Vtt 
141, 151 j vitt 15S 
Ruler, t to 

Ruuning down of the sulsr 

^iccn, Jtni. 193. 319 

C^mifctnr (of CnTilci),. VI. 127 
Sappho, X111.361 
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SitriH^ 1.17; ((. 43 
Satcllitrs* VI. Ml, IIFT, 120, 1^; 
VU. 145 + 150 : Viii. 154, 180, 
i$z; IX- 

^lA; XI. 22!^ 348; 111. 2^3, 
3 W, * 67 1 xm. 27a. SM, 
a97p 31 S- 3™- 

Jupiter, Sxtonii clc.p xxtellltca 


Of 

SdielMtc«, 4 irectioB of revolution 
(A. XI. 250j xiit. 29$, JiS 

SxtchLtcx, rotjilioti of,. XL 250; 
XIL 267: xur. 

Silunip I. 14-16; IT, 25, IV. 
Si. 57: V. 99; VI. 123 J viL 
lj6»p 142, 144; vm. 154. T 5^ i 

IX, ISJ, 1 S 5 , t 86 j X. 204 : XI. 

iA ajit i35r * 43-346 j 

XTi. 353, BffT; XIII, aSS, **7, 
$te atao the foUowlnK tieo^ineBi 
SaluTTi, irxaai of, ix, iSs 

Salum. rings pf, VL 1323 ; Viii, 
IM, 100; XL 22S,£46r Xil. 267; 
ini. 2e5p *97 

ivtum, rotation oi; xii, 267; Xul. 


Snluro, sBtdlltea of, vrii. 154 . 
ISO; IX. 1S4; XI. 33S ; xiL 33J, 
* 55 , 267 ; xiiL SW, 297 t 307 
Scientific inelbodp jx $4 ; VI, 134 ; 
IX. 195 

ScoB (on the moon), vr, 119; viu. 
153 T XUl, 396 

Seiaona, x 3; ir, 35, 39; iv. 3*; 
XL 245 

Second (xngk)p L 7 
Secular xecclcrxlion of the niDOTi'a 
mnii tnotimt, x. *01; xu 233. 
234, * 40 , 242; xiu. *97 
Serolxr (nequaliltcs^ Stt In- 
eqaxhliesp seeubr 
SAtMogTvpfiia (of Hcvcl), viii. 


SfimotopognfJtiMtAt FragnttnU 
(or Scluroctcr), Xtl. 271 
SrriuenceXf method of, xiL 
Sliadow of carthp moon. . 5 ^ 
rdipeA 


“ Shinin^.fittid " Chcory, XiU * 60 ; 
3 tui- 3 l«i 31 < 

Shooting stars, Stt Melconi 
Sl^tort-pcriod romelx, xni. x^l 
Sidcrnfll monthp 11. 4D 
SIdorexJ pericidp iV, S7 
Sidereal systent, atmeltire of, iii. 

257, 35 B, 239-269 ; XiiL 917 
Sidereal T^ar, iL 42 
^ri^rvMJ AVwftWa (of Catilci), vj. 

119-122 

"'Sights,'' V, tio; viti. 163 X. 

19S 

SigcLs of the lodlaCt I, 13 
Sine, U, 47 M T III. 59 M, fiS« 
Sirtna, xiii, 316 h 
S olar edi pwi. S*t Ed i[i«e 
Solar systetlt, stabilltj^nf, xi, 245 ; 

Till. 293 

Sototiecfl^ I. n ; tu 36, 39 ^ 4a 
Solstitial pointy 1. 11 
Space.penetrating pOWcT,. xti, 
25.S 

Spanidi astronomy, iiL 61, &(■ 
Spectroscope, XIIL 299, nfi'* 
Spectrum analyaia 
Spectrum, spectrum onnl'v^l^ ta, 
i 65 ; xitL 374, * 96 ~S«S 1 , J03. 
304 ,30^ 34.9, ill- 314 , 3 t 7 , 3iJi 
Sfkitmt ArMfWJi' (of SacrObOJiCo), 
LIL 67 

Sphere, attnetion of, iX. 1 73. 
13 *; XL 22S 

Sphere, eoloHial. Stt Cctcstial 
apberc 

Sphere, doctriive of the. ^nr 
Sphema 

Spberes, ccJesttal, crystal. Stf 
Celestuil spberex 
Spheres, mu^e of the, 11, 33 ; vIL 

^44 

Spherical form O'! the earth, moon. 

^iiv Earlb, ^loon, shape of 
Spherics, II. 33 , 34 

Sp^ II. 4a 

Spiral lycbnlae^ xui. 310 
StahiliLy of the solar system, XL 
245; xin. iSS, 293 
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£[fl4Sumf lu 3^ ^5, 47 
St£r- 4 tlB*e 9 | 3tBr-rna[is, II 13 >*; 
X. 198, 323; JtU* 355^ 166; JUL 
380 ^ 254 . 

SUtr-malsJi^cjS ^ 4 ^ 601 
hl 63 , 03: rv. $3 : v. M. 107, 
no, 113 f vpji, 168: X. 193,10&, 
aoq, aio, 828 »25; iii, 237! 
xtii, 377 , 580 , 3 '^ 

StaT-clo*lc™i VI. 110 ; K. 223 : 

xtu 253* 259 , 290 , 36] ; KIEL 

307 p 3 °S- 3 ^^^ _ 

Star-exupn^Tp sil S» 9 ; *m. 307 
Star-Rroups. Ser CoRsl'criatioii!! 
Sixrx, I, I, 5 p 7'-iOi 13^1 Spi 


aa 23-3O. ag^ o<^ 3 =. 31 S9, 
dz, 45-47. 5 °' 5^ .S7i 

68; IV. J 3 t 7 ^ Sov H 03 : 
v,.96-ico^ 104,1*5. mo; vj, la^ 
121, 129: vui. 155, iS 7 i t 
IX, 1S6 H ^ 15^ iggt » 3 . 307 - 

al 4 , siSv 333 ; xU ajK; xei. 253 , 
237 - 289 , 267: 27^ “ 77 - 

aSc^ 283, 3<M. M»-Sl^ 3ja. 
See also the ptwcdlny and fo-l- 
lowint hcadiEig* 

St«r>, binary, iitr Staja, double 
and multiple 

SUra, brigblu^aa of, II, 4a ; ini- 
158, jwj. XiU. ajSi, 280, 310, 
317. S#jf (*/#» Stflif, vatiablc 

Slnra, cirtumpolBr, i, 9 ; il 35 

Siarfa coJout^ C^i in- 

305 

Sturt, dlalanCeiofi i. 7 t >*' 3 Pt 3 ^p 
4S, 47 f IV, Sc^efi; V. I»; vi, 

117, 12 &; ai- 218: XII, 33 7 t 
2tSj 365, 266 ; Z.UU 376 , 279 , 
3,17. See ntsd parmllxx, alellar 

Slxra, dnlTibutSim oli xH, 2 ^ 7 . 
ajS. See atMf ^dtrcal ayalem, 
urticture of 

3 txr% double and ifinUiple, xii. 
ae6, 266, 2Mj XiiL Spfi-joB, 
300 , 814 , uo 

Stara, mapniiudea of, 11 . 43; xil. 
a 66 ; xiti, 3 £ov ^ 
Start! Wghlnew 54 


Sura, motion of. See Start, 
prtFper inolioiv of, zud Daily 
modoii (of tbc eelcatini aplicrc) 
Start, nanea of^ I. is, 13 i lii. 
Start, ucbulo'ua, X. 123; XII. 26^ 

261 

Stan, new, iL. 42 ; v. loc^ ICI 4 ; 
VL 117, 119; VII, 1381x11.266; 
XEil. 312 

Surt, number of, I, 7 w; Xiil- 
Sura, pamltax of. See Parallax, 

OM 

Stars; proper motion 0^ x, Sv 3 , 
225: III. 257, 28 S> XirL * 7 fi, 
2& 

Start, rataliotl of, in. 396 
sura, apeolra of, Kitl. 3 il- 3 l 4 p 

3'7 

SUrs, S.yalen of. See Sidereal 
ayatemj stmoture of 
Sun, variable, xil 860 , 269 ; 

am. J07 p 31 S 16 
Sutionaiy^ poLnta^ 1. 14 ; u, 51 f 
rv. 86 

Slicnwbor|& v\ 101 

Summer aoisliee. Lit, See elsen 

Sun, I, I, 4h 13 . J 3 . Mr 16; II. 21, 
1^-36, al^^o; 32, 35. 56,40, 
43 . 4S, 461 Sf ■ ^ 

73 p 75 . 77. 7 U-S 3 . 85-93. 9 “: 
V. 98, loj, 103, tm 111 ; VL 
iig; 121, 123, 114, 126, laj, 

119; tj 3 ; vit. 136; Ij 9 -t 4 li 
144-146; 150: VIII. 153, 154 ^ 

156; ijt, im 173 -' 7 S. «'p 
i8j-lS£; [81^190; 1941: X. 196; 

300 ; 3 OT, »S» 213 . ai 3 i 
227: XL 228, 235, 

345 , 250 ; ML 3 S 7 , 2 ns, 291,299; 
XIIL 372, 278; 283, ins, 292- 
394, > 97 . Sfl®-W3; 504 , 335 , 
JOT, Sl^ 3211.^ See etbo the 
following faeadinga 
Sul^ angular or apparent fife 
Of, n. M; 3 % 19 t ^ 43 - 46 «. 

48 ; IV. 7J. 93 : V. 105 « 

Suit, apparent (laUenmg of, II, 46 



Gcfitm! Indtx 


43®* 
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Siin^ dictuice of, L ij ; «■ M, iSi 
30 ^ 33 . ja. 41 , 43, 45 h i 

\v. &l, W, 86, 87, 9t», 91; V, 
in;vij, 144, 1451 vtit* 156, 
lai; II. 185,. 188! t. ^Oi, »s, 
121, sar; II. 33s ; xitt. 37®' 
S 8 i- 2 a 4 

Sun, Bc]ipSei of. St* EcUpieB 
Sun, lieal of. StI. 168, 169; mi, 
303, 507 , 518 

Sun, DiB&a of, JI. 183 , 104 . 

S XI. iifi; 3 III. i 33 

Sun. B^ioQ of, t 3, 11 , 

13, 11^17: V. 14-36^ 35 , 
37. Si, SO, 40. 43, * 3 . * 7 - 1 *. 51: 
iij, 39! fV. 73, T 7 , Tff, 85,86, Sj, 
91 ; V, 1114 , lOA, 111 ^ VI. lllf 
tui, 127, vTii, itoi n* 
ISO; I- aa3; 11 . 135 i 1 

mi. 388 

Sun, pnnJIJUL of. 1I. 43 ! 9 ^^ 

] 10 f vit. 145! VIII, Ifll: 1 .333, 
83 ?! mi, al-a 54 . Sir 
Sun, distance of 

Sun, fol*tion of, vt. 134 ^ vir, 

t5c4II, 3jia; mi. 197, 302 

Sun, si« of, 11. 33 j iv. 8^ : vw. 

145 j II. i 7 j; rni. 319 
Sun, tabicn oL Sh Tables, Kin 
Sundials, ir, 34 

Swn-spcrfji, yi. IM, 125; viii. 153: 
in, S 89 , 269; mu 33 H, ^jo, 

30^393 

Supmor pJineti, 1. 15 ; iv. 87, 
Stt 0lAti Blaia, Jupiter, etc. 
Suou, mu 394 
Sjmodic mOntlu It. 40 , 43 
Syucdlc period, it, 36 , 87 
^KoAiM Cvmtiary AUfOHomy 

(or KaJlcy}, 1. aoo 

(of Huyseoi), 

Viil. 154 

4 /h Mmuf/ (ai Laplace), 
XU 835 , 341 j#, 350 
^$irrm du Mondi (of Ponti^ 
cmiluit), ICII. tSA 

Tabk Tn!k (of LuChn), IV. 73 


Tablri, ajUronoiPBCll, in, 5 ®i 
B3, Oflv 68; rv, 70; v, H 9 &r 
97, 99, riD! vju 1391 ,140 f vliu 
156. 180^1,310. ai7: 

Sitaiio llio following budingl 
Table*,, lunar, tf. 4 fl ■ in. 60 ; i. 

304 , 216 ^ 217 . 330 ! xi. 385 . 234 , 

jMl; xtiu 350 . 390 
Tablcu planetary, nu 83 ; v. 108, 
112; VII. 144, 143! *‘304, 216; 
*1. 235, 3473, 1111. 388, 389, 390 
Tables solar, uu 50 ; rv. 85 ; 
V. 111 : VIII. 153: I, 234, 335, 
2^; m 235, W7 ; ml- 29(1 
Tables, AlTonainc, HI. ®l. 68 ; 

V. 94, 961 99 „ . 

Tahli^ Hakentile, m. OH, 6^ 
Tables, llkhanic. in. 6a 
Tables, E’ntlallilt, v, 04 , 96, 97 i 
99: VII. 139 

Table*, Rudoipbine. v. 94; vii, 
148 , ijt ! viiu 156 
Tabk*, ToleEan, in. fll, 66 
Tabte3 diiaLnnt (orUaittOl»au). 
nil. aS6 

Tutintm Jfrjp'pwirtMasrtaf {of Bea* 
9 cl>, mu a77 
Tangent, iiu 59 «, 6S « 

TarUrs, Tartar Mlronomy, nu 63 
Tebbutt'a enrae:!, nil. 

Telescope. III. 67 : vu 118 ' 134 , 
134 3 viu 18a ; viiu 16 S- 16 S; 

It 165; I. 207 . 3li *'®: 

251, 353 355 , 160, 262,3711 
mu 074 . 300, 3pl, 306, SlO, 

Thto^ Nataa (of Gaim), nil. 
276 

TTimnii Motiiitfi /.unm (of £ulcr), 
*1- 333 

TifioM 4 !r fa Ltt»t (of CliiniulJ. 
II. 3331 

. , . drs Proia^ifttt (of 
JLspLaec:), XU 23 M 
Thfo^ .. tdM S^atinv du Mimaf 
(of Fopt'fcoEilAnt), im. 386 
Tftmy 0/ .Voo« (of MaycC)^ 
su 236 




Gtntnt Indix 4^9 

\Roman jigtirta rtftr to tk* A ("flAic to itu oriK&a.^ 


Tkioryv/lht Vnivifat (of WdBht)h 
xir, 10 

Th?tim viiL l'6o 
Thrto bodies, pfoblecn oli ii^ 
330 - 233 . 1^5 

Tidal rrictiDO, Kill. 3 BT, I9I, 

SSO 

TldeXf VI. Iju; vji, ijoj II. 1691 

XU 10^130^ JJ,5h 340 ; min 3 * 7 , 

fi» 3 . 393. * 9 ?- 3*1 , 

Time, EBCuiininrnt ok i. 4i Si 

oAk» CoJendiU-, Day,, Hourt 
Mcrnlh, Week, Year 
Titan, vm. 154 
TitinLa, iii. ijs 
ToUian TaAlii, iiu 01, <i6 
Torrid xoncs, ll. 35 
Total eclipse, n. 43 ; viu HS ; 
X. 105; nil, 301. Sit oho 
Ed(p«a 

Transit tiutrOiuetit,. x. 3 lS, 315 * 
Tmnflil of Mcrcucj', 51. 159 
Transit of Vctlu*, vili. 156; 

BO3, ID5, 134, 237 ; xiiu Bll, 
283, 3S4 

Tnmaifltjcina, ui. 5 ^ 5^1 60 , 6 a, 

66, 63 

TrtoSveraalij v. 110 0 
Trcrfudation, til. 68, 63, 6S j iv, 

V, 111 

Trigonocnclry, 11. 37 «< 47 " J 
59 rr, 64 w, 63 wj tv, 74 
TrivlLtm, 111 . 63 
Tropical yexr, 1L 42 
Tuttle's cometd XITI. 391 
TwilExh^ rit, 69 
Twinkling of 9 Ur$, il, 30 
Two fVfia Scittttn (of Cia 3 itcl)|, 
vx. 13 ^ 134^^: vui. 15a 
Tychontc system, V. 106 ; vl J17 

Umbra (of sun^poU), vl 134 ; 
xll,i 63 

Unllbrni acteleration, vu 135. 
^ aho Acceleration 

UrauiborE, 101 
( 7 roiaomffri'<i fVoM OwwifiwMt 
xiiu 316 


Uranus, XIE. : 253 , 154, 25 S« 46 ?; 

xtit, 376, aSS, M 7 
Uranus, roiation ol, xiiu 397 
Urano 9 Extellitcs of, lu a^Oit; 
XII. 243 i 267; XtlU 27;!^ 399 

Variable atara. Stt Stars^ vari-^ 
able 

Variation (of tbe ntonn), iii. 90 ; 
T, 111; vii. 145 

Variation Oif olcnienls or para- 
nctcra, xj. 333 H, 396 , 245 
Variatiems, calculus dQ xl, 337 n 
Vega, iu. 64 

Vettut, L 14-16: IT- 25, 36, 45, 
47, St; ni. 63 ; iv. 75, Si, Ms 

S7 : V* 93, lEXj, J03; VI. I 3 i:, 

133 ; VII. 136 It. 139, 14a, 144; 
v'uu lS 4 j II, tBi, lS5J £. 233, 
337: XI. 335, 345; Xir- BffT, 
xji ; xiLu 3 S 1 , 29T, Stt 0 AO 
the foUowing beadingt 
Venus, mass of, xl. 335, 34S 
Venua, pHaaea o( VU 1 ^ I a^ 
Venus, rolation of, vm, t 6 ot liu 
367; xiit, 297 

Veu us, transits o£ TranaiU 
of Venus 

Vernal equinox, i. 11. Stt oiso 
EqulpeicS. 

Vernier, ttr. 69 u 

Vcrikalt It, j|: ^ 311; xill. 

»®5 

Vesta, mi. 394 
Vicloda, Xsu. iSt 
Virtual velodtiea^ xi. 337 m 
VorUeoB, vnU 163 ; ix, tyS, 

m 

Wave, wave-length (of light}, 
lUL agft jqo, Jffit 
Weather, prediction ol^ it, 30; 

vn.136 
Week, L 16 

W&fht.vi. ii6^ 130; au iSo 
Wdgbts and Heaauica, Com- 
misaion Em, XU 337t 
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Gentftti Tfltfcv 


rrjtr to tbi ckoftrei, ^ ariidti.] 


Wkihiottt of Wiat (of Reeonlc), 

'^'95 „ , 

Winter jolaliccf i, il. Si* aiio 
Sobtjccs 

Y«fi L 3, i 1^; II. 

47; llL 66; V. Ill 
Year. ai<Jciml, II. 4a 
YeaTp iroplcftlt u- 4J 


i ZndhiT's Airtumodit t. iS n 
Zenith, II. Sa, 3 J, 3 ^, m- 

X. 221 

Zcnith'SccUir, It- 306 
! Zodiac. i.U; 1^224 

I Zodiat. sSfinaof the, u 13 

I ZndUcai cMHlcUttlion*t t. 1 3 
Zones of the eartliF «- M, 47 


IVlMed bT Hueli, WaUiQfi. It VLsa^. Ld., London vid Aylcfbory. 
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’*A book that is shut is but a bhck' 




^^ EOLOq ^^ 




^ GOVT. OF INDIA ^ 

^ Dcpanaoeiu ol ArcbaeolojT ^ 

S' NEW DELHI. -A 


pleaae help ue to keep the book 

" ^ * 

31 clean and moving. 
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